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ABSTRACT 
 
Currently, industrial processes that produce silicon occur in batch units which are 
energy intensive, capital intensive, and emit harmful pollutants into the atmosphere. A 
new technology, solid oxide membrane (SOM) processing, seeks to produce silicon 
without direct emissions and with lower energy and capital costs. Previous studies have 
shown that this technology can produce silicon; however, the proof-of- concept cell was 
incapable of producing large volumes of silicon due to restrictions in the molten salt. 
Current research has engineered an oxyfluoride molten salt to be more efficient in 
four main ways: higher amount of silica in the molten salt, chemistry stable with the 
yttria-stabilized zirconia (YSZ) membrane, low volatility, and high electrical 
conductivity. The newly designed salt allows for up to 25 at% of silicon oxide to dissolve 
into the flux, removing mass transfer limitations. The mixture utilizes calcium oxide to 
stabilize the presence of silicon oxide, giving the flux a volatility of less than 0.1 µg/cm 2 
*s. The presence of calcium oxide also increases the optical basicity of the system, 
allowing the flux to be compatible with the YSZ membrane showing no signs of 
corrosion. Lastly, the new flux composition has a conductivity of 2.87 and 4.38 S/cm, at 
1050 °C and 1100 °C, respectively, which is above the desired value of 1 S/cm. 
 vii 
Combining these improvements in the salt with pre-existing techniques, silicon 
crystals were produced in the new SOM cell. Two distinct SOM cell configurations were 
attempted, one with a liquid cathode (tin) and one with a solid cathode (molybdenum). 
Both cells were able to successfully make silicon metal. The tin cathode was able to 
produce high purity silicon crystals extracted via acid etching. The molybdenum cathode 
produced a plated layer of molybdenum disilicide. Samples were examined by using 
scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS). 
An equivalent circuit model for the SOM process was developed to calculate polarization 
losses during the electrolysis process. 
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1. INTRODUCTION 
 
1.1. Background Information 
 
Silicon is one of the most abundant elements in the earth’s crust, constituting 
about 25.7% by mass [1]. When refined into its high purity form, metallic silicon finds 
use in semiconductors and photovoltaic devices. In this high purity form, silicon is 
commonly used to create photovoltaic cells, which are capable of capturing energy from 
the sun and converting it into electricity. These silicon based cells make up about 90 to 
95% of the photovoltaics market, where the technology takes shape in various forms [1, 
2]. Two of the most common types of silicon cells are polycrystalline and 
monocrystalline cells. Both types require the same source of high purity silicon as their 
foundation.  
From an environmental perspective, silicon photovoltaics are useful as one of the 
most environmentally friendly ways of generating electricity. Conventional means of 
generating power revolve around burning carbon rich sources of fuel to move turbines. In 
Germany, several different fuels were analyzed to measure their carbon footprint per 
kilowatt hour (kWh) of energy produced [3]. In order to fully analyze their footprint, 
resource extraction, transport, and processing were included. Brown coal, hard coal, and 
natural gas were found to emit 1.183, 1.142, and 0.572 kilograms (kg) of CO2 per kWh of 
electricity generated, respectively. 
Given that world consumption of energy reached a value of 1.48x1014 kWh in 
2010, it would be reasonable to assume that using current methods to generate electricity 
are unsustainable if pollution of greenhouse gases like CO2 are a concern for the 
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environment [4]. In contrast, silicon photovoltaics offer another cleaner means to produce 
this electricity. It is estimated that the use of silicon solar cells, whether monocrystalline 
or polycrystalline, incurs an environmental cost of 27 to 38 grams of CO2 per kWh of 
electricity produced, mostly from the use of materials used to create a solar power plant 
[4]. It is also important to note that carbon dioxide is not the only greenhouse gas emitted 
during energy production [5]. Other gases like nitrous oxides (N2O) and methane (CH4) 
are also emitted during the combustion of fossil fuels that negatively impact the 
environment. 
With the photovoltaics market value expected to reach $150 billion by 2024 and 
an expected growth of 920 gigawatts (GW) by 2022 [6], [7], the need to develop cost 
effective solar cells remains a key goal for continued growth. When compared to the 
costs of utility scale power generation costs of ~$0.03 to $0.05 per kWh, photovoltaic 
systems must reach a cost of $1 per watt peak exposure (Wp) to effectively reach an 
environmentally friendly grid parity [8]. So, in order to reach this cost, new techniques 
must be developed to reduce silicon photovoltaics’ cost of production. One of the key 
ways that can be investigated to decrease this cost is the manufacturing of the high purity 
silicon itself to decrease the cost of the user good at the end of the supply line. 
1.2. Silicon Production: Current Methods 
 
To meet the current demand, several technologies are employed to create the high 
purity silicon required for photovoltaics and electronics. The start of all mass scale 
processes begins with the carbothermic reduction of high purity silica into metallurgical 
grade (MG) silicon. During the carbothermic reduction, though, carbon, boron, 
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phosphorus, alkali-earth, and transition metals are introduced into the silicon, reducing its 
purity to about 98% [9]. In order to be useful in photovoltaics, the silicon must be refined 
to at least a purity of 99.9999% (6N). Several secondary refining techniques exist, and of 
these technologies, the Siemens process and fluidized bed reactors are the two most 
prominent [10], [11].  
The Siemens process works by reacting silicon using gaseous hydrochloric acid to 
create a chemical called trichlorosilane, SiHCl3 [12]. This volatile chemical is then 
fractionally distilled to create a high purity grade. This removes the impurities that were 
previously present with the MG silicon. Once a high enough purity is established, the 
trichlorosilane is then reacted with hydrogen gas at temperatures greater than 1100 °C to 
form a high purity chemical vapor deposition (CVD) ingot of polycrystalline silicon. A 
process diagram with more details is present in Figure 1: 
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Figure 1: Process Diagram of the Siemens Process [13] 
Alternatively, another chemical process uses a fluidized bed reactor for the crystal 
growth process [14]. This system starts by reacting silicon with gaseous hydrochloric 
acid to create trichlorosilane. This is followed by a disproportionation reaction that 
breaks down trichlorosilane into dichlorosilane, SiH2Cl2, and silicon tetrachloride, SiCl4. 
After removing the silicon tetrachloride, the dichlorosilane undergoes another 
disproportionation reaction to make silane gas, SiH4, and more trichlorosilane. While the 
trichlorosilane is recycled for use in the first step, the silane gas is thermally decomposed 
into silicon and hydrogen gas in the presence of silicon seeds suspended in a fluidized 
bed reactor. This causes growth of the suspended silicon seeds until they are heavy 
enough to fall out of suspension. An example of this reactor can be seen in Figure 2: 
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Figure 2: Process Diagram of a Fluidized Bed Reactor [15] 
Both processes work similarly by reacting MG silicon with gaseous compounds 
and letting new, solar grade (SoG) silicon crystals form [9], [10]. These processes, 
though, involve multiple steps, use potentially dangerous halogenated chemicals, and are 
capital and energy intensive [11]. In addition, the production supply chain produces 
carbon dioxide and halogenated emissions. The carbothermic process creates 4.3 
kilograms (kg) of carbon dioxide per kg of MG silicon and consumes 12 kWh per kg of 
MG silicon [9]. The Siemens process then consumes 100 to 180 kWh per kg of SoG 
silicon, while emitting 2 grams of chlorine gas per square meter of planar SoG silicon for 
solar cells [9], [12]. These factors lead to a high cost of production while producing a 
product that is more pure (7 to 11 nines) than what is required for photovoltaic 
production [12], [16]. 
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To try and reduce the cost of production, alternative methods of high purity 
silicon production are being tested. A summary of some of these other technologies can 
be found in Table 1 [1]. However, it is important to note that most of these technologies 
still release greenhouse emissions or use a halogenated gas and consume large amounts 
of energy. So, although they may work more efficiently in theory, they still have the same 
limitations as existing technologies. Thus, the need for a cheap, clean, and efficient 
silicon production method remains. 
Processing 
Technique Reactants Chemical Reactions and Parameters Developer 
Fluoride 
Processes 
Phosphoric 
Acid and 
Fertilizer 
By-Products 
𝐻"𝑆𝑖𝐹&(𝑙) + 2𝑁𝑎𝐹(𝑠) → 𝑁𝑎"𝑆𝑖𝐹&(𝑠) + 2𝐻𝐹(𝑙) 𝑁𝑎"𝑆𝑖𝐹&(𝑠) → 𝑆𝑖𝐹0(𝑔) + 2𝑁𝑎𝐹(𝑠)	𝑎𝑡	650	°𝐶 𝑆𝑖𝐹0(𝑔) + 4𝑁𝑎(𝑙) → 𝑆𝑖(𝑠)+ 4𝑁𝑎𝐹(𝑠)	𝑎𝑡	450	°𝐶 
Wacker-
Chemie, 
Dow Corning 
Aluminothermic 
Reduction 
Silicon 
Halide, 
Aluminum 
3𝑆𝑖𝐶𝑙0(𝑔) + 4𝐴𝑙(𝑙) → 𝑆𝑖(𝑠) + 4𝐴𝑙𝐶𝑙<(𝑙) at	400	to	1200	°C	and	1	atm	 Shinetsu Chemicals, Sumitomo Chemicals, et 
al. 
Slag Processing 
of MG Silicon 
MG Silicon, 
Oxide Slag 
[𝐵] + 1.5𝑂"J + 0.75𝑂"(𝑔) → 𝐵𝑂<<J	𝑎𝑡	1500	°𝐶 [𝑃] + 1.5𝑂"J + 0.75𝑂"(𝑔) → 𝑃𝑂0<J	𝑎𝑡	1500	°𝐶 Nippon Steel, Crystal Systems, et al. 
Solidification 
from Si-Al Alloy 
MG Silicon, 
Aluminum 
Directional Solidification of Si-Al Alloy to 
Remove Boron and Phosphorus (1000 to 
1200 °C) 
University of 
Tokyo 
Table 1: Alternative Silicon Production Methods [1] 
1.3. Silicon Solid Oxide Membrane (SOM) Processing 
 
To mitigate the production of greenhouse gases and the consumption of large 
quantities of energy, a novel production method, called solid oxide membrane (SOM) 
processing, is proposed. Previous research with this work has shown it capable of 
producing a variety of metals including: tantalum, titanium, ytterbium, magnesium, and 
aluminum [17]–[24]. In contrast to the other silicon production methods, the SOM 
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process has three key advantages: it does not have any direct greenhouse gases or 
halogenated emissions, it has a lower overall energy consumption, and it costs less capital 
to make a reactor [24]. It does so by utilizing a solid oxide membrane, a ceramic with 
oxygen vacancies, usually yttria stabilized zirconia (YSZ), that allows oxygen ions to 
move through at high temperatures. Instead of heating a reactor and allowing chemical 
deposition or distillation processes to purify the desired product, a metal oxide can be 
electrolyzed efficiently into its base metal and oxygen components. A general schematic 
of this process can be seen in Figure 3: 
 
Figure 3: Schematic of General SOM Electrolysis Process 
For the processing of silicon metal, the process can be summed up in a few 
reactions and concepts. The first concept is the use of YSZ membrane to separate the 
anode from the flux. By using this membrane, only oxide ions can pass through to the 
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anode and oxidize. This allows a flux to be engineered with components that are not 
oxide based without having side reactions occurring at the anode. Additionally, when the 
oxide ions become oxygen gas, the oxygen molecules remain segregated by the 
membrane from the rest of the system and prevent unwanted reverse reactions from 
occurring.  
The second key concept is using a flux that is primarily ionic in nature. This flux 
characteristic means that when a sufficient potential is applied across the molten flux, the 
silicon and oxide ions respond by migrating and reacting at the electrodes. The other 
cations in the flux can also migrate between electrodes, carrying balancing charges, but 
unless the applied potential is high enough, these other ions will not reduce or oxidize. 
Other anions migrate but cannot oxidized due to the selective nature of the YSZ 
membrane.  
The last key concept for silicon SOM processing is the use of a secondary liquid 
metal such as an aluminum or tin pool as a cathode. The use of a liquid metal as an 
electrode provides several functions. The first is to provide a fast reacting electrode, as 
liquid metals tend to have fast charge transfer and have high conductivities. For the 
purposes of this system, aluminum or tin is not soluble in the flux and can be integrated 
in the cell design to prevent contact between the cathode current collector and the molten 
salt. Second, a liquid aluminum or tin electrode can be used to phase separate pure silicon 
at temperatures lower than silicon’s melting point. Lastly, the liquid aluminum or tin can 
act as a gettering agent. To create high purity silicon, the impurities that are normally 
introduced when mixing the molten salt must be removed. The liquid metal acts as an 
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agent to collect the alkali and transition metal impurities commonly found in oxides and 
fluorides.  
The process starts by dissolving silicon oxide species into a molten salt. This 
creates mobile silicon and oxide ions within the system. Then, a potential that exceeds 
silicon oxide’s disassociation potential is applied that induces the silicon cations to 
migrate to the cathode and the oxide anions to migrate to the anode. When silicon cations 
reach the liquid aluminum cathode, they undergo a half cell reaction, seen as Equation 1-
1: 𝑆𝑖0M	(𝑓𝑙𝑢𝑥)	+ 4𝑒J → 𝑆𝑖	(𝑎𝑙𝑙𝑜𝑦) (1 − 1) 
Meanwhile, the oxide ions migrate to the YSZ membrane. Upon reaching the 
membrane, the oxide ions diffuse into the YSZ according to Equation 1-2: 𝑂"J	(𝑓𝑙𝑢𝑥) → 𝑂"J(𝑌𝑆𝑍) (1 − 2) 
Overtime, the oxide ions work their way through the YSZ and make contact with 
the inert anode. Upon making contact with the silver in the anode, the oxide ions oxidize 
and evolve as gas according to Equation 1-3 and Equation 1-4: 𝑂"J	(𝑌𝑆𝑍) → [𝑂]	(𝐴𝑔) + 2𝑒J (1 − 3) 
[𝑂](𝐴𝑔) → 12𝑂"	(𝑔) (1 − 4) 
Once the silicon metal is created, it can be separated from the liquid metal 
cathode by slowly decreasing the system’s temperature. This temperature change forces 
the silicon out of the liquid metal as a new phase, while purifying the silicon as it 
separates from the liquid metal electrode. As a result of this process, pure silicon metal 
 10 
can be made in one step while making oxygen as a byproduct instead of hazardous 
emissions. 
1.4. Scope of the Dissertation 
 
The goal of this dissertation is to research and develop an efficient SOM 
processing technology for the zero-direct emission production of high purity silicon 
metal. This dissertation will view this problem in four chapters. Chapter one outlines the 
problems of silicon production and the need for cheap, high purity silicon to create a 
sustainable way to generate electricity. Chapter two looks at the challenges and design 
criteria of engineering a salt that is efficient and chemically stable with components used 
in the SOM process. The goal of this chapter is to find a salt composition that can be used 
for extended periods of time without degrading either itself or part vital to the SOM 
process. Chapter three examines the thermodynamics and kinetics of the SOM process. 
This will entail an analysis of the Gibbs free energy of the reduction of silicon oxide and 
the overpotential required to drive the reaction. The overpotential will be analyzed using 
a current-applied potential model. Chapter four covers the design of the SOM elements 
and experiments run to create silicon. Chapter five summarizes the work and proposes 
topics of discussion in future work.   
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2. SOM SALT DEVELOPMENT 
 
2.1. Previous Literature and Flux Design Parameters 
 
In the development of a silicon SOM processing technique, previous successes 
and failures have occurred. In a previous attempt to create silicon metal, silicon crystals 
were successfully deposited into a tin cathode [22], [23]. This was achieved by 
electrolyzing a salt that had a composition containing magnesium fluoride, barium 
fluoride, yttrium fluoride, and silica. However, several limitations were noted with these 
processing experiments and most of these problems were tied into the salt design. The 
salt tended to have the following problems: low silica solubility, poor stability with YSZ, 
relatively low conductivity, and the use of barium fluoride [22], [25], [26]. 
Thus, a more environmentally friendly and efficient salt was developed. This flux 
was designed with several properties in mind based on previous SOM and molten salt 
literature [25]–[31]: 
1. High silica solubility: The salt was designed to contain at least 3 to 5% by weight of 
silicon oxide to replicate the aluminum oxide content in a Hall-Heroult cell [27]. Enough 
silica needs to be added to the flux lower mass-transfer polarization effects at the anode 
and cathode during the electrolysis. However, adding too much silicon oxide causes the 
properties of the flux to have a higher melting point, higher viscosity, lower volatility, 
and lower conductivity.  
2. Low melting point: The salt was designed to have a low liquidus based on the eutectic 
of the bulk components. The goal of this low melting point was to increase the longevity 
of the components as much as possible by operating the SOM process at lower 
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temperatures [28]. Furthermore, the flux design involved removing the use of barium 
fluoride, eliminating a component that would cause environmental problems if used in a 
large scale. 
3. Low volatility: The salt’s was designed to have a volatility of less than 1 WXYZ[∗]. This 
was done to prevent losing the flux during the SOM experiment. More importantly, this 
low volatility prevents specific components from escaping the flux and changing the 
flux’s base composition [28], [29]. Due to this, components with high volatilities were 
not used or their reactions were suppressed. 
4. YSZ stability: The salt was designed to not corrode the YSZ membrane over a long 
period of time. Due to the presence of silica and its highly acidic behavior, it would 
degrade the YSZ over time, creating an yttria depleted layer and causing mechanical 
failure. Furthermore, the flux must be designed to prevent yttria from leaving the YSZ 
[25], [30], [31]. 
5. High Flux Conductivity: The salt was designed to have a high ionic conductivity to 
lower ohmic polarization and allow efficient processing. To facilitate this, the salt should 
have a conductivity of at least 1 S/cm and a very low electronic transference number 
(<0.1) [26]. 
2.2. Reformulation of Flux Eutectic 
 
Given the toxic nature of barium fluoride a suitable replacement must be found 
for use in the flux. The purpose of the barium fluoride in this system was to create a 
eutectic base with the magnesium fluoride. This base then dissolves the silica and other 
stabilization components. Previous experiments used a barium fluoride-magnesium 
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fluoride eutectic that had a melting point of 910 °C [23]. One of the reasons for a liquidus 
near ~ 900 to 1000 °C is that the existing design of the inert anode within the YSZ 
membrane uses liquid silver as an active component. Since silver melts at 961 °C, the 
flux cannot work at any lower temperatures. Another reason is that the YSZ membrane 
has a high ohmic resistance below 1000 °C. So, the higher the flux temperature, the lower 
the ohmic resistance through the YSZ membrane [32]. On the other hand, the flux cannot 
have a very high melting temperature because higher temperatures can lead to unwanted 
interactions between the cell components and the flux [19].  
In the search for a suitable replacement, it must be noted that a similar compound 
should be used to establish another binary eutectic with magnesium fluoride. Following 
periodic trends, it was assumed that another earth-alkali fluoride compound might be 
suitable. Previous SOM experiments found that a eutectic of calcium fluoride and 
magnesium fluoride (45 wt% magnesium fluoride – 55wt% calcium fluoride) would 
work as base salt [22, 29]. With a melting point of about 974 °C and components with 
low vapor pressures (since both are solid above 1250 °C), the calcium fluoride-
magnesium fluoride base eutectic seems suitable for the SOM process [34] as seen in 
Figure 4. 
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Figure 4: Eutectic Calcium Fluoride-Magnesium Fluoride Phase Diagram [34] 
 
2.3. Silica Solubility 
 
2.3.1.  Using Calcium Oxide as a Solvating Agent for Silicon Oxide 
 
One of the major technical obstacles was developing a molten salt that could 
contain at least 5% of silica by weight. Using the base eutectic as a starting point, silica 
must be dissolved into the flux by complexing it with the calcium fluoride and/or 
magnesium fluoride. Literature data from steel slags indicates that calcium oxide is 
known to bond with silicon oxide and other compounds [35]. To complement this 
combination and ensure high levels of dissolution, another component is added to the 
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system as well, calcium oxide. Calcium oxide is known to form binary eutectics with 
both calcium fluoride and silicon oxide [36]. As such, it can be used to further increase 
the solubility of silicon oxide in the base eutectic. This was confirmed by locating a 
ternary phase diagram that showed all the components dissolving with each other [37]. 
This can be seen in Figure 5. 
 
Figure 5: Ternary Phase Diagram of CaF2-CaO-SiO2 [37] 
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2.3.2.  Experimental Setup 
 
To quantitatively determine how much silicon oxide can be dissolved in the base 
flux, a solubility experiment was run. The setup for this experiment can be seen in Figure 
6. 
 
Figure 6: Silica Solubility Experimental Setup 
This experiment works by using a silicon oxide capillary tube to saturate the flux 
base. Using previous SOM experiments as a basis, a sample of 400 grams of flux base (8 
wt% calcium oxide, 4 wt% yttrium fluoride, remainder eutectic) was made. The powders 
were all purchased from Alfa Aesar and had the following purities: calcium oxide – 
reagent, yttrium fluoride – 99.9%, calcium fluoride – 99.5%, magnesium fluoride hydrate 
– min 87%. To remove water and carbonaceous impurities, the powders were dried in a 
Carbo-lite RHF 1600/3 box furnace at   400 °C for 6 hours. The powders were then 
weighed out and ball milled for 6 hours at ~75 rpm using zirconia milling media. After 
mixing, the powder was put into a carbon crucible and placed in a tube furnace. The 
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furnace was then heated to 1200 °C under a forming gas (95% argon, 5% hydrogen) 
environment. Once at temperature, three fused quartz tubes (Technical Glass Products, 
99%) were lowered into the molten flux, guided by stainless steel tubes. Attaching three- 
way pipette bulbs to the top of each silica tube, small vacuums were drawn into each 
tube. This pulled molten flux into each tube. The tubes were then sectioned with a 
diamond saw. Using a fused quartz rod and an acetylene torch, each cut section was 
sealed on both ends with more quartz. Once sealed, the sections were then placed back in 
a Carbo-lite RHF 1600/3 box furnace for 24 hours at 1200 °C. After cooling, the sections 
were cut open with a diamond saw, mounted in epoxy, and analyzed in a Zeiss Supra 55 
scanning electron microscope (SEM). Electron Dispersion Spectroscopy (EDS) was used 
to quantitatively determine atomic compositions within the sample.  
2.3.3.  Silicon Oxide Solubility Saturation Analysis 
 
Figure 7 and Figure 8 show images of the flux after exposure to the silica tube at 
high temperature. 
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Figure 7: SEM Image of the Fused Silica Tube Cross-Section 
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Figure 8: EDS Linescan of Silica Tube, Yellow Circle Showing Outline of Flux in Tube 
In Figure 7, two distinct phases are seen: a dark phase and a light phase. The dark 
phase on the exterior is the silica tube and the light phase is the flux in the tube. Small 
inclusions of the dark phase are present in the light phase as well, analyzed to be silicon 
oxide deposits. The entire sample was examined by running a linescan across the 
horizontal diameter of the flux. Analyzing the linescan, the concentration of silicon is 
higher on both sides of the flux. However, this decrease is not large, only a few atomic 
percent. It is important to note that when the flux is at operating temperature, it will most 
likely not undergo phase separation, as indicated in Figure 5.  
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Element Starting Theoretical Atomic Percentage 
Measured Atomic 
Percentage 
Oxygen 5.33% 56.5% 
Fluoride 59.73% 0.00% 
Sodium 0.00% 0.74% 
Magnesium 14.61% 4.85% 
Silicon 0.00% 29.36% 
Yttrium 0.51% 0.00% 
Calcium 19.82% 8.55% 
Table 1: Average Flux EDS Linescan Composition Values 
Looking at the values of the linescan, seen in Table 1: Alternative Silicon 
Production Methods [1], a few trends are noticeable. One is that the flux shows the ability 
to dissolve at least 25 at% silicon oxide. Another is that the fluoride species are no longer 
detected. This could mean that the fluoride ions dispersed throughout the silica tube into 
concentrations that cannot be detected (something possible when using EDS). 
Alternatively, the fluoride ions reacted with the quartz producing SiF4 (g) when the flux 
was being drawn into the quartz tube subjected to a vacuum (see Section 2.4.2). This also 
supports part of the massive gain seen for oxygen. This could be caused by the silicon 
oxide diffusing into the flux and displacing all of the fluoride ions while bonding with the 
calcium and magnesium cations. In all, this experiment demonstrates that silicon oxide 
can dissolve into the flux in large quantities. 
2.4. Melting Point and Volatility 
 
2.4.1.  Addition of Secondary Components to Eutectic Base 
 
After the base eutectic was selected, it was important to see how any additives 
affected the melting point and volatility of the silicon SOM flux. Three additional 
components were added to the eutectic salt: yttrium fluoride, calcium oxide, and silicon 
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oxide. The melting points for the three compounds are: 1387 °C, 2572 °C, and 1710 °C. 
Since the SOM electrolysis process requires the salt to remain stable in the cell, the 
additives are used to stabilize the salt with respect to the other SOM components. So, it is 
important to find an appropriate mixture of additives that has a low melting point while 
keeping the salt stable. This lower melting point (~1000 °C) also helps provide stability 
to the system since heat temperatures can cause unwanted reactions. 
2.4.2.  Thermodynamics of Silicon Tetrafluoride Formation 
 
By also adding these compounds, most importantly silicon oxide to the flux, the 
risk of secondary reactions occurring is possible. The formation of silicon tetrafluoride is 
one possible reaction and highly detrimental to the SOM process. The reaction occurs 
according to Equation 2-12 − 1 as noticed in high temperature environments [35, 36]. 𝑆𝑖𝑂"	(𝑠) + 2𝐶𝑎𝐹"	(𝑠) → 𝑆𝑖𝐹0	(𝑔) + 2𝐶𝑎𝑂	(𝑠) (2 − 1) 
An alternative mechanism that causes SiF4 (g) formation can be seen in Equation 
2-2 and Equation 2-3 [37, 38]: 𝐶𝑎𝐹"	(𝑠) 	+ 𝑥𝑆𝑖𝑂"	(𝑠) 	+ 𝐻"𝑂		(𝑔) → 𝐶𝑎𝑂 ∙ 𝑦𝑆𝑖𝑂"	(𝑠) + 𝑧𝑆𝑖𝑂"	(𝑠) + 2𝐻𝐹	(𝑔) (2 − 2) 𝑆𝑖𝑂"	(𝑠) + 4𝐻𝐹	(𝑔) → 𝑆𝑖𝐹0	(𝑔) + 2𝐻"𝑂	(𝑔) (2 − 3) 
These two reactions can act as a way for silicon to escape the system, removing 
useful electrolysis reactants. Accompanying this loss of silicon is a change in the 
composition of the flux due to the loss of calcium fluoride. These changes in the flux 
damage the system as they alter the eutectic point, viscosity, and conductivity of the 
system. As such they must be avoided at all costs.  
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To prevent the water driven reaction, the solution was to dry all of the powders 
extensively. To prevent the high temperature reaction, though, a more thorough 
examination of the thermodynamics is required. Equation 2-4 shows the Gibbs free 
energy of Equation 2-1:  
∆𝐺 =	∆𝐺° + 𝑅𝑇𝑙𝑛 f 𝑃ghij ∗ 𝑎klm"𝑎ghm[ ∗ 𝑎kli[" n (2 − 4) 
where 𝛥𝐺 is the Gibbs free energy of the reaction (J), 𝛥𝐺° is the standard Gibbs 
free energy of the reaction (J), 𝑅 is the ideal gas constant (8.314 J * mol-1 * K-1), 𝑇 is the 
temperature of the system (K), 𝑃ghij is the partial pressure of the silicon tetrafluoride 
evolving from the salt, 𝑎klm is the activity of the calcium oxide, 𝑎ghm[ is the activity of the 
silicon oxide, 𝑎kli[" is the activity of the calcium fluoride. 
Looking at the activities and pressure variables in Equation 2-4, one component 
can be controlled: the activities of calcium fluoride. By lowering the activity of calcium 
fluoride, the equilibrium constant can be increased until the overall reaction is suppressed 
with a positive Gibbs Free Energy. To accomplish this, calcium fluoride must be pre-
melted into a eutectic. For the purposes of this salt, this eutectic is made with magnesium 
fluoride, driving down calcium fluoride’s activity once in solution with magnesium 
fluoride. 
 
2.4.3.  Experimental Setup 
 
To examine the melting point and volatility of the flux, tests were performed 
using a thermogravimetric analytical setup (TGA) and a high temperature platinum 
crucible. The flux was prepared by drying the following powders: calcium oxide, yttrium 
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fluoride, silicon oxide, magnesium fluoride hydrate, and calcium fluoride. The powders 
were all purchased from Alfa Aesar and had the following purities: calcium oxide – 
reagent, yttrium fluoride – 99.9%, silicon oxide – 99.55, calcium fluoride – 99.5%, 
magnesium fluoride hydrate – min 87%. To remove water and carbonaceous impurities, 
the powders were dried in a Carbo-lite RHF 1600/3 box furnace at 400 °C for 6 hours. 90 
grams of flux were prepared based on a formulation of 9 wt% calcium oxide, 4 wt% 
yttrium fluoride, 5 wt% silicon oxide, and the remainder bulk fluoride eutectic. To 
prevent silicon tetrafluoride from forming and ruining the salt’s composition, the 
fluorides were first weighed out and ball milled for 6 hours at ~75 rpm using zirconia 
milling media. The fluorides were then placed in a stainless steel crucible and heated to 
1150 °C for two hours in a forming as environment (95% argon, 5% hydrogen). After 
two hours, the crucible was extracted and the molten salt was poured into a mild steel 
mold. The fluoride mixture was crushed with a stainless steel anvil and base. Once finely 
ground, the fluoride base was mixed with dried oxides in the appropriate proportions and 
ball milled for 6 hours at ~75 rpm using zirconia milling media. This oxyfluoride mixture 
was placed in a stainless steel crucible and heated to 1150 °C for two hours in a forming 
as environment (95% argon, 5% hydrogen). After two hours, the crucible was extracted 
and the molten salt was poured into a mild steel mold. After cooling off, the sample was 
examined with a SEM and EDS analysis to ensure a uniform composition. 
When confirmed to have a uniform composition, a sample was prepared to find 
the melting point via TGA analysis. A piece of flux, weighing about 150 milligrams, was 
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placed in a platinum crucible. This crucible was placed in TA SDTQ600 TGA machine. 
The sample was heated to 1000 °C in air and cooled back down to room temperature. 
To find the volatility of the flux, two stainless steel crucibles were filled with 30 
grams each. Each crucible was placed in a furnace which was under a forming gas 
environment (95% argon, 5% hydrogen) for 45.5 hours. One crucible was heated to 
1200 °C, the other was heated to 1300 °C. Both crucibles had samples cast after reaching 
the desired time limit, and the crucibles were returned to the inert environments to 
prevent oxidation. After cooling, the samples and their crucibles were weighed to 
examine the flux’s volatility, and the flux samples were examined via EDS to ensure a 
consistent composition. 
2.4.4.  Melting Point and Volatility Analysis 
 
Prior to running the TGA and volatility experiments, a control sample of flux was 
examined to ensure a thorough mixing of the compounds and find the baseline 
composition. Figure 9 and Figure 10 show images of the flux as-cast from the stainless 
steel crucible. Figure 9 shows a fairly homogeneous structure with the appearance of two 
distinct phases. Figure 10 zooms in on the image and shows that the two phases, one 
dark and one light, tend to have fairly small grains (on the order of 10 micrometers by 10 
micrometers for larger grains) that are interlinking.  
Table 2, Table 3, and Table 4 indicate the composition of the flux for the bulk, 
the dark phase and the white phase. The as-cast compositions were averaged over nine 
areas of 1 millimeter by 1 millimeter for the bulk and three areas of about 5 micrometers 
by 5 micrometers for the dark and light phases. 
 25 
 
Figure 9: Wide Image of the As-Cast Silicon SOM Flux 
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Figure 10: Close Up of As-Cast Flux Showing Dark and Light Phases 
 
Element As-Cast Flux Atomic Percentages 
Flux Theoretical Atomic 
Percentages 
Oxygen 14.37 ± 0.94 9.43 
Fluoride 53.47 ± 0.32 55.53 
Magnesium 15.05 ± 0.55 13.58 
Silicon 2.12 ± 0.15 1.93 
Yttrium 0.62 ± 0.07 0.48 
Calcium 14.38 ± 0.53 19.05 
 
Table 2: As-Cast Bulk Flux Composition Percentages 
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Element As-Cast Dark Phase Atomic Percentages 
MgF2 Theoretical Atomic 
Percentages 
Oxygen 13.22 0 
Fluoride 52.83 66.67 
Magnesium 25.02 33.33 
Silicon 2.735 0 
Yttrium 0.31 0 
Calcium 5.89 0 
Table 3: As-Cast Dark Phase Flux Composition 
Element As-Cast Light Phase Atomic Percentages 
CaF2 Theoretical Atomic 
Percentages 
Oxygen 1.99 0 
Fluoride 65.60 66.67 
Magnesium 2.77 0 
Silicon 0.10 0 
Yttrium 0.88 0 
Calcium 28.68 33.33 
Table 4: As-Cast Light Phase Flux Composition 
Analyzing the bulk composition, it was observed that the bulk composition tends 
to have the composition desired for the SOM flux. The percentages were not exactly what 
was desired, but the measurements observed are within operating tolerance. Most 
importantly, though, was the presence of the desired amount of silicon, indicating that the 
formation of silicon tetrafluoride was avoided. Looking at the dark phase, it is apparent 
that the main constituent is magnesium fluoride, since comparing the composition of the 
flux and the composition of magnesium fluoride brings up similar values. In addition to 
the magnesium fluoride, noticeable quantities of silicon and calcium are present, possibly 
indicating that silicon oxide and calcium oxide are present in this phase. In contrast, an 
analysis of the light phase shows a composition similar to calcium fluoride, with small 
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quantities of yttrium fluoride and magnesium fluoride present. 
A thermodynamic analysis of the Gibbs free energy of formation using a chemical 
equation and Temkin model was used to back up this observation. Applying Temkin’s 
ionic slag theory, a compound’s activity in a molten salt can be approximated [42]. 
Equation 2-5, Equation 2-6, and Equation 2-7 show the calculations to approximate 
activities for compounds dissolved in ionic solution. 
𝑁pq[r = 𝑋pq[r𝛴𝑋uvv	klwhxy] (2 − 5) 𝑁u[z = 𝑋u[z𝛴𝑋uvv	uyhxy] (2 − 6) 𝑎pqu = 𝑁pq[r ∗ 𝑁u[z (2 − 7) 
For Equation 2-5,	𝑁pq[r  is the normalized mole fraction of the cation within the 
molten salt, 𝑋pq[r is the mole fraction of the desired cation within the molten salt, and 𝛴𝑋uvv	klwhxy] is the sum of all the cation mole fractions within the molten salt. For 
Equation 2-6,	𝑁u[z is the normalized mole fraction of the anion within the molten salt, 𝑋u[z is the mole fraction of the desired anion within the molten salt, and 𝛴𝑋uvv	uyhxy]  is 
the sum of all the anion mole fractions within the molten salt. Equation 2-7 has the 
activity of the desired ionic compound as 𝑎pqu.  
When the silicon SOM salt particles are not thoroughly mixed, put into contact 
with each other, and allowed to reach equilibrium, Equation 2-4 can be rewritten as 
Equation 2-8: 
𝑒J∆{°|} = f 𝑃ghij ∗ 𝑎klm"𝑎ghm[ ∗ 𝑎kli[" n (2 − 8) 
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which produces an equilibrium partial pressure of 4.12x10-9 of silicon 
tetrafluoride gas, assuming that all solid compounds are at unit activity. HSC 5.1 was 
used to find the standard Gibbs free energy for the reaction at 1200 °C. It is important to 
note, though, that carbon is known to catalyze this reaction, most likely increasing the 
equilibrium partial pressure of the silicon tetrafluoride [38]. In contrast, when the Temkin 
model is used to find the activity of the calcium fluoride within the eutectic base, the 
equilibrium partial pressure is found to be 1.02x10-10. This result is about four times 
lower compared to melting with a pre-melted calcium fluoride eutectic. In addition to the 
decrease of silicon tetrafluoride partial pressure, the Temkin model only takes into 
account the entropy of mixing [42]. This means that if the enthalpy of mixing decreases, 
which in the flux is likely due to silicon oxide complexing with calcium oxide or the 
eutectic base, the partial pressure generated by silicon tetrafluoride becomes even lower. 
Now that a stable flux has been created, an analysis of its melting temperature and 
volatility can be done. The data from the TGA experiment can be seen in Figure 11: 
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Figure 11: TGA Analysis of the Flux 
Analyzing Figure 11, a key point in found at the minimum point of heat flow and 
temperature difference. When this event occurs, the flux is at its melting point as it 
absorbs heat to cause the phase transition. This event occurs at 977.2 °C, which is close 
to the assumed value of 974 °C. It also agrees with the previous assumptions that the 
addition of the higher melting point oxides and fluorides should increase the melting 
point of the mixed flux. It is not much of an increase, but considering the small quantities 
of those compounds added, about 18 weight percent, the increase of melting temperature 
is not expected to be large. 
It is important to note that the TGA experiments could not accurately determine 
the volatility of the molten salt. During the experiments, the salt was noted to have a 
capillary effect within the platinum crucible. This lead to a small amount of the salt to 
escape the crucible. This salt then reacted with the alumina support arms in the TGA 
apparatus. So, mass changes that occurred during the testing are considered unreliable. 
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 Accompanying this assessment of the melting point of the flux are two 
volatility analyses. One for flux held at 1200 °C and one for flux held at 1300 °C. Figure 
12 and Figure 13 show SEM images of what the 1200 °C sample looked like after 
cooling off. 
 
Figure 12: SEM Image of Flux Held at 1200 °C for 45.5 Hours 
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Figure 13: Close-Up of Flux Held at 1200 °C for 45.5 Hours 
Figure 12 shows a homogeneous structure with small discrete phases interlinking 
similar to Figure 10. Figure 13 shows two distinct phases with grains having an 
approximate size of 5 microns, visually similar to Figure 10. The analysis of the bulk 
flux composition, the dark phase composition, and the light phase composition for the 
1200 °C sample can be found in Table 5, Table 6, and Table 7. 
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Element Measured Flux Atomic Percentages 
Flux Theoretical Atomic 
Percentages 
Oxygen 14.71 ± 3.21 9.43 
Fluoride 48.64 ± 1.98 55.53 
Magnesium 13.16 ± 1.80 13.58 
Silicon 2.07 ± 0.30 1.93 
Yttrium 0.59 ± 0.40 0.48 
Calcium 20.82 ± 3.23 19.05 
Table 5: Flux Composition After Heating Cycle at 1200 °C 
 
Element Measured Dark Phase Atomic Percentages 
MgF2 Theoretical Atomic 
Percentages 
Oxygen 3.94 0 
Fluoride 64.61 66.67 
Magnesium 25.86 33.33 
Silicon 0.36 0 
Yttrium 0.3 0 
Calcium 4.94 0 
Table 6: Dark Phase Composition After Heating Cycle at 1200 °C                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Element Measured Light Phase Atomic Percentages 
CaF2 Theoretical Atomic 
Percentages 
Oxygen 1.68 0 
Fluoride 68.73 66.67 
Magnesium 1.67 33.33 
Silicon 0.05 0 
Yttrium 0.78 0 
Calcium 27.12 0 
Table 7: Light Phase Composition After Heating Cycle at 1200 °C 
Comparing the composition data of the thermally cycled samples to the as-cast 
samples, both sets of data values show the same general trends and have similar 
compositions. Both bulk fluxes have higher than expected values of oxygen while the 
other atomic percentages are close to expected values once EDS instrument error is taken 
into account. However, exceptions to this are the thermally cycled sample’s lower than 
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expected value of fluoride ions and the as-cast sample’s lower than expected calcium ion 
percentage. Still, both samples have the desired amount of silicon within them, which is 
the most important value for the electrolysis process. 
Comparing the thermally cycled dark and light phases with their as-cast 
counterparts, similar trends are noted between the two phases. The dark phase has a 
magnesium fluoride base with the presence of calcium oxide and silicon oxide inside. 
The light phase has a calcium fluoride base with small amounts of yttrium fluoride and 
magnesium fluoride present. So, assuming that any weight loss occurred during the 
thermal cycle, it can be assumed that it was a homogeneous loss, preventing changes in 
composition. One more verification of chemical stability can be seen by analyzing the 
composition of the sample thermally cycled at 1300 °C. Table 8 shows this data: 
Element Measured Flux Atomic Percentages 
Flux Theoretical Atomic 
Percentages 
Oxygen 11.74 ± 0.83 9.43 
Fluoride 48.83 ± 1.99 55.53 
Magnesium 14.86 ± 0.65 13.58 
Silicon 2.37 ± 0.23 1.93 
Yttrium 0.64 ± 0.20 0.48 
Calcium 21.56 ± 1.78 19.05 
Table 8: Flux Composition After Heating Cycle at 1300 °C 
Complementing the analysis seen in the 1200 °C thermal cycled sample, the 
1300 °C sample shows trends in the bulk flux composition seen in both previously 
examined samples. A higher than expected amount of oxygen is present in all samples 
and a lower amount of fluoride ions is present in both thermally cycled samples. 
Examining the cation concentrations also shows a uniformity between most samples. This 
indicates that the techniques used to make this flux ensure a uniform composition that has 
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homogeneous volatility. 
Having established a homogeneous volatility in terms of composition, the 
volatility can now be measured in terms of mass lost over time. Values for this analysis 
can be seen in Table 9. 
 1200°C 1300°C 
Mass of Flux Before Experiment [g] 28.928 29.335 
Mass of Flux After Experiment [g] 27.78 28.965 
Mass of Flux Lost [g] 1.148 0.37 
Inner Diameter of Crucible [cm] 4.166 4.166 
Radius of Crucible Cross-Section [cm] 2.083 2.083 
Area of Cross-Section [cm
2
] 13.63 13.63 
Time at High Temperature [s] 163800 163800 
Volatility [µg/(cm
2
*s)] 0.514 0.166 
Table 9: Volatility Analysis for Flux Samples 
Assuming that the volatility is proportional to the vapor pressure, the trends for 
volatility can be acquired from the Clausius-Clapeyron equation, which is seen in 
Equation 2-9 [42]: 
𝑃 = 𝑒J∆|} + 𝑒k (2 − 9) 
where P is the vapor pressure of the liquid (Pa), ΔHvap is the enthalpy of 
vaporization (J * mol-1), R is the ideal gas constant (8.314 J * mol-1 * K-1), T is the 
temperature of the system (K), and ec is a constant for the system (Pa). The general trend 
for the Clausius-Clapeyron equation indicates that the higher the temperature a system is 
exposed to the higher the vapor pressure should be for a given system. Over a given 
period of time, a higher vapor pressure should in theory correspond to a higher mass loss. 
Thus, a system at a higher temperature should have a higher volatility. So, according to 
the equation and operating parameters, the 1200 °C sample should have a lower volatility 
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than the sample at 1300 °C. This discrepancy can be explained by the loss of stainless 
steel scale on the 1200 °C sample, which would alter the results to indicate a higher loss 
of mass and a higher volatility. Still, both samples have volatilities lower than one 
microgram per square centimeter second, although the 1300 °C sample represents a better 
upper limit for volatilities at 0.166 micrograms per square centimeter second. These 
quantities are both adequate for use in a SOM cell. 
2.5. YSZ Membrane Stability 
 
2.5.1.  Previous Observations – Yttria Depleted Layer Prevention 
 
Previous SOM experiments have shown the ability to separate metals; however, 
these experiments have shown that one of the major limiting factors for this process is the 
stability of the YSZ membrane. Past experiments have shown degradation of the YSZ 
membrane occurs while the process is being run. This is detrimental because it can lead 
to membrane failure and process failure. Two mechanisms have been noted so far. One is 
the depletion of yttrium from the YSZ membrane. The second is an acidic oxide grain 
boundary attack that results from an acidic oxide reacting with the yttria in the YSZ. So, 
an understanding of the degradation mechanisms from a theoretical standpoint must first 
be determined. Then, the salt must be designed to minimize or negate the effects these 
mechanisms have. In doing so, it is expected that the new salt will be stable in an 
environment with the YSZ membrane. 
2.5.2.  Suppression of Yttria Dissolution 
 
One of the first degradation mechanism noted was the diffusion of yttrium species 
from the YSZ membrane into a fluoride based flux [30]. The importance of this diffusion 
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can be seen in how the yttria doping changes the structure of the zirconia structure [43]. 
The doping reaction occurs according to Equation 2-10: 𝑌"𝑂< → 2𝑌 + 3𝑂m + 𝑉m⦁⦁ (2 − 10) 
The doping reaction can be described as having two key effects. The first is the 
replacement of zirconium by yttrium. The second effect is the creation of oxygen 
vacancies, which are dependent on the amount of yttrium present in the zirconia 
structure. 
As the yttria is doped into the zirconia, it changes several properties of the 
ceramic. The key change is this addition of oxygen vacancies, which leads to the 
conduction of oxide ions at high temperature [32]. Additionally, the doping of yttria into 
the zirconia to make 6 mol% Y2O3-ZrO2 creates a system where stable mixtures of crystal 
structures can be exhibited at operating temperature (1000 °C to 1400 °C) and room 
temperature [44] as seen in Figure 14:  
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Figure 14: Yttria-Zirconia Phase Diagram with Marker at 6 mol% Y2O3-ZrO2 [45] 
At 6 mol% Y2O3-ZrO2, the YSZ transitions from a mixture of tetragonal and cubic 
crystal structures to a mixture of monoclinic and cubic crystal structures. However, what 
is not visible in this phase diagram is the presence of a metastable tetragonal phase 
instead of the monoclinic phase when yttria or other dopants are added to the zirconia 
[41, 43]. This is one possible explanation for the deterioration seen on the surface of the 
YSZ when depleted of yttria. As the local yttria concentration decreases, the tetragonal 
phase becomes dominant as the cubic phase attributed to the yttria becomes suppressed. 
Once cooled from high temperature, the tetragonal phase changes into its monoclinic 
phase. This phase change is accompanied by a volume change of about 5%, putting 
stresses on the system. These stresses distort the yttrium depleted regions, giving the 
room temperature examination a noticeable different between effected areas and non-
effected areas. Furthermore, the depletion of the yttria destabilizes the structure further by 
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creating voids where the yttria used to be. Between the phase changes and the loss of 
yttria itself, the effects of yttrium depletion can alter local crystal structure, destroying the 
smooth interface [24, 44].  This yttria depletion layer (YDL) can be seen in the center of 
Figure 15, where it is bounded by flux on the right and bulk YSZ on the left.  
 
Figure 15: SEM Image of YDL 
Early experimentation found that after processing in a fluoride-based flux, YSZ 
membranes were found to have a highly porous structure and a lack of yttria in the first 
50 micrometers that made contact with the fluoride salt. Within 70 micrometers of the 
interface, though, the yttria concentration reached the bulk concentration that is typical of 
the YSZ membrane. This gave the region between 50 to 70 micrometers from the 
interface a gradient of yttria concentration. To counteract the yttrium diffusion into the 
flux, an analysis of thermodynamics and kinetics can be applied. Fick’s first law, 
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Equation 2-11 gives the governing equation for diffusion under assumed steady state 
conditions: 
𝐽h = −𝐷𝐶h𝑅𝑇 𝜕𝜇h𝜕𝑥 (2 − 11) 
where J is the diffusion flux (mol * cm-2 * s-1), D is the diffusivity of the chemical 
species (cm2 * s-1), Ci is the concentration of the species (mol * cm-3), R is the ideal gas 
constant (8.314 J * mol-1 * K-1), T is the temperature (K), and W  is the gradient of 
chemical potential (J * mol-1 * cm-1). Looking at Equation 2-11, the key to producing a 
diffusion flux is a gradient in the chemical potential. By removing this chemical potential 
gradient or reversing it, the diffusion of yttrium into the flux can be halted or reversed. 
Analyzing the definition of chemical potential shows a connection between a system’s 
chemical potential and a component’s activity, as seen in Equation 2-12: 𝜇h = 𝜇h + 𝑅𝑇𝑙𝑛(𝑎h) (2 − 12) 
where 𝜇h is the chemical potential of species i (J *mol-1), 𝜇h is the standard 
chemical potential of species i (J *mol-1), R is the ideal gas constant (8.314 J * mol-1 * K-
1), T is the temperature (K), and 𝑎h is the activity of species i. Thus, by by leveraging the 
activity of the yttrium within the flux, equilibrium can be reached between the YSZ and 
the flux. However, determining the standard chemical potential and activity of yttrium 
fluoride in multi-component salt is not trivial. So, experimental evidence is required for 
guidelines on how to develop the salt. 
Previous experimental evidence indicates that adding a certain quantity of yttrium 
fluoride to the flux prevents yttrium diffusion from the YSZ membrane into the flux. The 
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application of 2 weight percent into a eutectic magnesium fluoride-calcium fluoride salt 
appears to stop the movement of yttrium into the flux [30]. However, this test was only 
conducted with three components, meaning that the activity of the yttrium could change 
if other components were added. Further experimentation found that a five component 
oxyfluoride flux was stable with a YSZ membrane when 4 weight percent yttrium 
fluoride was present [28]. The composition of this salt was used as the basis for the 
silicon SOM salt with the expectation that the YSZ membrane would not experience 
diffusion when in contact with this salt. 
2.5.3.  Lux-Flood Acid Base Theory 
 
Besides the possibility of yttrium depletion detrimentally affecting the crystal 
structure and performance of YSZ, another YSZ membrane degradation mechanism is the 
reaction of acidic oxides with YSZ. To understand this, the groundwork of acidic and 
basic oxides must be established. In a molten ionic system, certain oxides have the ability 
to fully give off their oxide ions (basic systems) while other have the ability to absorb 
free oxide ions (acidic systems) [46]. When two different oxides systems are mixed 
together and reach equilibrium, they tend to follow Equation 2-13 [46]: 𝐴𝑐𝑖𝑑 +	𝑂"J = 𝐵𝑎𝑠𝑒 (2 − 13) 
where a base is a basic oxide like calcium oxide or magnesium oxide and an acid 
is an acidic oxide like silicon oxide. If general acid-base trends are followed, it would 
follow then that an acidic system would react with a basic system to try and reach an 
equilibrium. So, if an acidic oxide is present in a system, it will react with basic oxides to 
try and reach a more stable configuration. 
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In determining whether an oxide will be acidic or basic, the electronegativity of 
the central atom must be examined [47]. If the oxide’s central atom is highly 
electronegative, it is commonly found to form acidic oxides. Conversely, if the oxide’s 
central atom is not electronegative, it is commonly found to form basic oxides. In molten 
conditions, though, oxide complexes are often found, which involve different 
combinations of cations and oxide ions [48]. For highly acidic oxides, long complex 
molecule polyacid chains similar to polymer chains are the primary structure. However, 
the presence of excess oxygen affects the structures of these chains, similar to network 
modifiers and network formers in glasses, respectively. So, as more oxide ions are added 
to the system, some forms of acidic oxides will change configuration into more basic 
structures or more acidic structures depending on the system’s equilibrium [49]. An 
example of this can be seen in phosphate-based glasses, seen in Equation 2-14: 𝑃y𝑂<yyJ + 𝑂"J → 𝑃y𝑂(<yM)(yM")J (2 − 14) 
where 𝑃y𝑂<yyJ is the acidic form of the phosphate chain and 𝑃y𝑂(<yM)(yM")J is the basic 
form of the phosphate chain. As more free oxygen ions are added to the system, the 
acidic phosphate becomes more basic. From a structural standpoint, this additionally 
means that the long acidic chains get broken down into smaller pieces. So, a more basic 
oxide should have a lower viscosity [50]. 
2.5.4. Mechanism of Silica Attack 
 
Noting the ability of Lux-Flood acids to consume the oxide ions of more basic 
pairs, another method of attack on the YSZ membrane can be established in addition to 
yttrium diffusion. In the silicon SOM flux, an appreciable amount of silica is required to 
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properly conduct the electrolysis process. Silica is characterized as being a highly acidic 
oxide with the ability to consume oxide ions from other, more basic structures [48]. Thus, 
basic oxides, like the yttria within the YSZ membrane, becomes a target for a lux-flood 
neutralization reaction [51]. From a theoretical standpoint, both zirconia and yttria have 
the ability to be consumed by the silica within the flux. However, previous literature 
indicates that zirconia can act as a network former into conjunction with silica, indicating 
that a consumption of zirconia is unlikely unless the silica structure has begun to be 
broken up by network modifiers [52].  
So, yttria is believed to be the primary target of attack by the acidic silica. Unlike 
the yttrium diffusion into the flux, this attack does not solely occur at the bulk YSZ-flux 
interface. Rather, this neutralization reaction will occur at any interface with large 
quantities of yttria present, most notably in grain boundaries [25]. In addition, as the 
grain boundaries become consumed, they open up more. This allows further penetration 
of the flux with the acidic silica into the bulk structure of the YSZ membrane. So, once 
an acidic attack begins, it can propagate through the structure as long as the flux is 
molten, acidic, and in contact with the YSZ. An extreme case of this attack occurs when 
entire grains of the YSZ membrane get attacked and broken off the main structure. An 
example of flux growth into grain boundaries and YSZ grain separation can be seen in 
Figure 16: 
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Figure 16: YSZ Membrane Attacked by Silicon SOM Flux 
Similar to the yttrium diffusion, this silica attack can create an yttria depleted 
layer that indicates a loss of yttrium followed by a potential phase change. These phase 
changes in accompaniment with the growth in grain boundaries leads to the development 
of a distorted, pitted structure on the surface of the YSZ membrane. 
In causing this attack, the long, acidic silica chains use the yttria as a network 
modifier, accepting the oxide ions from the yttria [25]. This begins to break up the silica 
structure by adding the extra oxide ions, creating non-bridging oxygen atoms in the silica 
chain. So, the long chain begins to find itself broken into smaller pieces [53]. However, 
silica is so acidic that it will continue to attack the yttria in the YSZ membrane until it 
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reaches an activity that doesn’t permit the reaction. Typically, this begins to occur when 
the silica is either a monomer complex ion ([SiO4]4-) or another small chain structure 
[54]. 
It is extremely important to prevent this reaction from occurring to ensure a long 
SOM processing operation. Previous attempts to solve this problem were resolved in one 
of two ways. The first was to add large quantities (up to 10 weight percent) of yttrium 
fluoride into the flux [25]. The intention here was to create a very high yttrium activity 
within the flux. So, if the attack began, the yttrium within the flux would diffuse into the 
YSZ due to a high chemical potential within the flux. This would reverse the damage 
caused by the silica, but not alter the mechanism of attack. 
In addition, another method of stopping the silica attack was proposed. This 
method involved adding calcium oxide to the flux to break up the silica chains before 
they could begin to react with the yttria. Since calcium oxide is a known basic oxide, its 
addition to the flux should act as a neutralizing agent for the acidic silica [55]. The excess 
oxygen that calcium oxide would give off would react with the silica chains, creating 
non-bridging oxygen sites. If enough of these non-bridging oxygens were formed, it 
should prevent the silica from attacking the YSZ membrane [49]. The question then arose 
of how much calcium oxide to add without altering the other properties of flux. 
2.5.5.  Use of Optical Basicity Model 
 
To make an informed decision on how much calcium oxide to add, a model must 
be used to try and establish equilibrium between the YSZ, silicon oxide, and calcium 
oxide. Of particular importance is the activity of oxide anions in the flux and membrane. 
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John A. Duffy proposed a model referred to as optical basicity that provides a theoretical 
framework for the activities of oxide anions in ionic systems. [47]. In it, he theorized that 
the activity of oxide anions was influenced by three parameters: 
1. the strength of local cations’ polarizations 
2. the stoichiometry of different compounds 
3. the “basicity moderating” parameter – a metric defined by the 
electronegativity of local cations 
Moreso, Duffy also noted that the behavior of ionic oxide compounds was not 
wholly ionic. The presence of oxide ions around a cation will influence the cation’s 
charge because the oxides donate a portion of their charge to the cation. By measuring 
how much a cation’s charge changes in the presence of these oxide ions, the activity of 
the oxide ions themselves can be recorded [55]. To do so empirically, an ultraviolet scan 
of simple ionic oxide species was conducted. Using the behavior of calcium oxide as a 
standard (Λ = 1.00), the optical basicity of various other ionic oxides was measured with 
acidic oxides having low values and basic oxides having high values. The values of those 
found, which are relevant to this research can be found in Table 10 [51], [55]: 
 
Element Optical Basicity 
Calcium 1.00 
Silicon 0.48 
Yttrium 0.72 
Table 10: Optical Basicity of Simple Oxides 
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For these values, it is important to note that the optical basicity is based on the 
lowest quantity of oxide ions attached. For complexes, which change the number of oxide 
ions attached to a central atom, the optical basicity will change based on its configuration. 
In addition, examining glassy structures provided a numerical way to look at how 
different cations consume oxide anions’ charge. The combination of the empirical 
evidence and numerical analysis led to the creation of a generalized optical basicity 
equation, seen in Equation 2-15 [55]: 
𝛬 =  𝑎 ∗ 𝑥(𝑎 ∗ 𝑥) + (𝑏 ∗ 𝑦) ∗ 𝛬(𝑂𝑥𝑖𝑑𝑒	𝐴) +  𝑏 ∗ 𝑦(𝑎 ∗ 𝑥) + (𝑏 ∗ 𝑦) ∗ 𝛬(𝑂𝑥𝑖𝑑𝑒	𝐵) (2 − 15) 
where a is the charge on the cation of oxide species AO, x is the proportion of 
oxide species AO in the mixture x:y, b is the charge on the cation of oxide species BO, y 
is the proportion of oxide species BO in the mixture x:y, 𝛬(𝑂𝑥𝑖𝑑𝑒	𝐴) is the optical 
basicity of species AO, and 𝛬(𝑂𝑥𝑖𝑑𝑒	𝐵) is the optical basicity of species BO.  
Assuming that the flux and the yttria with the YSZ must be in equilibrium to 
remain stable, the composition and optical basicity values of calcium oxide and silicon 
oxide can be plugged into Equation 2-15. Using a flux previously used in aluminum 
SOM experiments as a base, compositions of 8 weight percent calcium oxide and 5 
weight percent silicon oxide and 9 weight percent calcium oxide and 5 weight percent 
silicon oxide were chosen as experimental flux values to test. The key assumption made 
here is that only oxide species can interact with oxide species while the fluoride ions 
remain passive. The values can be seen in Table 11: 
 
 48 
Composition Composition A 
Optical 
Basicity A Composition B 
Optical 
Basicity B Λtot 
8 wt% CaO: 
5 wt% SiO2 
0.632 1.00 0.368 0.48 0.72 
9 wt% CaO: 
5 wt% SiO2 
0.659 1.00 0.341 0.48 0.74 
Table 11: Calculated Optical Basicity of Fluxes with Different Oxide Compositions 
 
 2.5.6.  YSZ Stability Experimental Setup 
 
To examine the chemical stability between the silicon SOM flux and the YSZ 
membrane, tests in a high temperature crucible were required. The flux was prepared by 
drying the following powders calcium oxide, yttrium fluoride, silicon oxide, magnesium 
fluoride hydrate, and calcium fluoride. The powders were all purchased from Alfa Aesar 
and had the following purities: calcium oxide – reagent, yttrium fluoride – 99.9%, silicon 
oxide – 99.55, calcium fluoride – 99.5%, magnesium fluoride hydrate – min 87%. To 
remove water and carbonaceous impurities, the powders were dried in a Carbo-lite RHF 
1600/3 box furnace at 400 °C for 6 hours. 30 grams of flux were prepared based on a 
formulation of 8 wt% calcium oxide, 4 wt% yttrium fluoride, 5 wt% silicon oxide, and 
the remainder bulk fluoride eutectic. Additionally, 30 grams of flux were prepared based 
on a formulation of 9 wt% calcium oxide, 4 wt% yttrium fluoride, 5 wt% silicon oxide, 
and the remainder bulk fluoride eutectic. To give the system a uniform composition from, 
the fluorides were first weighed out and ball milled for 6 hours at ~75 rpm using zirconia 
milling media. The fluorides were then placed in a stainless steel crucible and heated to 
1150 °C for two hours in a forming as environment (95% argon, 5% hydrogen). After 
two hours, the crucible was extracted and the molten salt was poured into a mild steel 
 49 
mold. The fluoride mixture was crushed with a stainless steel anvil and base. Once finely 
ground, the fluoride base was mixed with the dried oxides in the appropriate proportions 
and ball milled for 6 hours at ~75 rpm using zirconia milling media. This oxyfluoride 
mixtures were placed in stainless steel crucibles and heated to 1150 °C for two hours in a 
forming as environment (95% argon, 5% hydrogen). After two hours, the crucibles were 
extracted and the molten salts were poured into mild steel molds.  
Two rings of 8 mol% YSZ (¼-inch thick, 0.75-inch outer diameter, 0.56-inch 
inner diameter) were then put into two separate stainless steel crucibles and covered with 
30 grams of silicon SOM flux. The crucibles were heated to 1200 °C for 24 hours in a 
forming gas environment (95% argon, 5% hydrogen). Once cool, the flux and YSZ 
samples were extracted from the crucibles by using a lathe. After the extraction, the 
samples were prepared for examination with an SEM and EDS. 
 
2.5.7.  YSZ Stability Experimental Analysis 
 
After the heating cycle, the two different flux compositions showed different 
effects on the YSZ structure. An image of the YSZ - 8 weight percent calcium oxide flux 
interface can be found in Figure 17: Flux-Silicon SOM Flux Interface with 8 wt% Calcium 
Oxide. The compositional analysis of the samples are found in Table 12 and Table 13. 
 50 
 
Figure 17: Flux-Silicon SOM Flux Interface with 8 wt% Calcium Oxide 
 
 
Element Flux Measured Atomic Percentages 
Flux Theoretical Atomic 
Percentages 
Oxygen 15.92 8.83 
Fluoride 51.62 56.33 
Magnesium 13.57 13.78 
Silicon 2.30 1.93 
Yttrium 0.63 0.48 
Calcium 15.97 18.64 
Table 12: Measured and Theoretical Compositions of 8 wt% Calcium Oxide Flux After Exposure 
to YSZ 
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Element YDL Measured Atomic Percentages 
Bulk YSZ Measured 
Atomic Percentages 
Bulk YSZ 
Theoretical Atomic 
Percentages 
Oxygen 59.56 68.65 66.10 
Fluoride 7.16 N/A N/A 
Magnesium 2.06 N/A N/A 
Silicon 1.42 N/A N/A 
Yttrium 2.11 4.75 3.20 
Zirconium 25.89 26.59 30.70 
Calcium 1.81 N/A N/A 
Table 13: Measured and Theoretical Compositions of YDL and YSZ After Exposure to 8 wt% 
Calcium Oxide Flux 
Analyzing Figure 17: Flux-Silicon SOM Flux Interface with 8 wt% Calcium Oxide, 
three distinct phases are present: the flux, a YDL, and the bulk YSZ. The YDL layer is 
approximately 150 micrometers thick and distinguished by a cratered surface. Signs of 
yttria depletion and corrosive attack are present in the YDL itself and the flux at the 
interface. Looking at the composition of the flux, higher than expected quantities of 
oxygen and yttrium were found in the EDS measurements. This is indicative of yttria 
being attacked and consumed into the flux. Looking the composition within the YDL, 
two discrepancies are noteworthy. The first is the lower than expected amount of yttrium 
and oxygen. This indicates that the yttria has left the YSZ membrane through some 
mechanism. The second is the presence of elements from the flux in the YDL. This 
indicates that the flux has started to percolate into the YSZ membrane through the grain 
boundaries. The cratered appearance of the YDL can then be attributed to two possible 
phenomena. One is the flux becoming immobilized in the YSZ. Since the flux has a dark 
coloration, it contrasts with the lighter YSZ. The second is the phase transformation of 
the YSZ to a more monoclinic structure, causing distortions in the membrane. These 
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distortions can then create voids or other structural abnormalities, giving a pot-marked 
appearance. 
In contrast to the 8 weight percent calcium oxide flux, the 9 weight percent 
calcium oxide flux shows a more stable interface with the YSZ membrane. An image of 
this can be seen in Figure 18: 
 
Figure 18: Flux-Silicon SOM Flux Interface with 9 wt% Calcium Oxide 
At the interface, a small amount of corrosion is seen as some YSZ particles 
appear to be cracked. However, this attack is immediately arrested and shows no signs of 
further intercalation into the bulk YSZ structure. EDS scans for the flux, the YSZ at the 
interface, and YSZ at the bulk can be seen in Table 14 and Table 15. 
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Element Flux Measured Atomic Percentages 
Flux Theoretical Atomic 
Percentages 
Oxygen 10.29 8.83 
Fluoride 53.01 56.33 
Magnesium 18.43 13.78 
Silicon 2.59 1.93 
Yttrium 0.66 0.48 
Calcium 15.03 18.64 
Table 14: Measured and Theoretical Compositions of 9 wt% Calcium Oxide Flux After Exposure 
to YSZ 
Element 
YSZ Interface 
Measured Atomic 
Percentages 
Bulk YSZ Measured 
Atomic Percentages 
Bulk YSZ 
Theoretical Atomic 
Percentages 
Oxygen 53.68 58.97 66.10 
Fluoride 4.31 N/A N/A 
Magnesium 0.68 N/A N/A 
Yttrium 5.87 6.37 3.20 
Zirconium 33.14 34.66 30.70 
Calcium 1.73 N/A N/A 
Table 15: Measured and Theoretical Compositions of YSZ at the Flux Interface and Bulk After 
Exposure to 9 wt% Calcium Oxide Flux 
The flux EDS indicates that the composition is close to what is theoretically 
expected, indicating that a minor amount of silica attack occurred at the interface. 
However, the quantity of oxygen is not as high as seen in the 8 weight percent calcium 
oxide sample, meaning the attack was minimal. More importantly, the YSZ interface 
shows no presence of silicon. It show small traces of fluoride, magnesium, and calcium, 
but that can be attributed to the small quantities of flux creeping into the grain 
boundaries. So even if the flux found its way into the grain boundaries, no attack was 
possible without the presence of silicon oxide to attack the yttria. Looking farther into the 
bulk of the YSZ, no other elements are detected besides the constituents of YSZ. Within 
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reason, it appears that this composition has stopped the silicon oxide attack and yttrium 
depletion. Interestingly, the amount of yttrium at the interface and bulk is higher than 
expected. One possible explanation for this is having an excess of yttrium in the flux, 
which allows the yttrium to diffuse into the YSZ. When the silicon oxide attacks the 
yttria in the membrane in a calcium oxide poor flux, the yttrium in the flux diffuses into 
the YSZ membrane, preventing the attack from fully depleting the local area of yttrium. 
However, once an adequate amount of calcium oxide was added to the flux, the silicon 
oxide chains are broken into silicon oxide monomers and dimers [48]. These smaller 
complex ions do not have sufficient amounts of bridging oxygens that can react with the 
yttria in the membrane. Thus, the yttria remains relatively untouched. From the 
perspective of optical basicity, this corresponds with make the flux more basic than the 
YSZ membrane. At 8 weight percent, the optical basicities are the same in both the flux 
and membrane, but silicon oxide attack is still present. However, when the flux has 9 
weight percent calcium oxide, it is more basic the YSZ, showing minute amounts of 
silicon oxide attack. Furthermore, the lack of silicon oxide attack means that the excess of 
yttrium in the flux no longer serves as a balancing agent. So, the flux’s yttrium can 
diffuse into the membrane without having to come back out. This can be seen in the 
higher than expected values of yttrium in the YSZ at the interface with the flux and the 
bulk.  This falls in line with the observations made by Milschtein and Xu [25], [31]. 
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2.6. Molten Flux Conductivity 
 
2.6.1.  Concentric Electrode Theory 
 
In order to run a productive electrolysis process, the total electrical conductivity 
of the molten salt must be high. A desirable quantity is at least 1 Siemen per cm to have a 
low ohmic polarization and an efficient process. Assuming a simplified circuit that 
excludes charge transfer and mass transfer effects, the cell voltage required to run an 
electrolysis process on the silicon SOM flux can be seen in Equation 2-16: 𝑉x = 𝐸ghm[ + 𝐼𝑅v + 𝐼𝑅g + 𝐼𝑅qvqYwxq] (2 − 16) 
where 𝑉x is the operating voltage of the cell (V), 𝐸ghm[  is the disassociation 
potential of silicon oxide (V), 𝐼 is the current within the system (A), 𝑅v  is the total 
resistance of the flux (Ω), 𝑅g is the total resistance of the YSZ membrane (Ω), and 𝑅qvqYwxq]  is the resistance of the electrodes and their current collectors (Ω).  
To minimize the operating voltage while maximizing the operating current, the 
resistances of the flux, YSZ, and electrodes must be lowered. The design of the 
electrodes normally is a parameter that can be engineered to work with its surrounding 
system. However, the operating temperature of the cell is very high, which removes many 
potentially useful materials. Furthermore, the unique requirements for the electrodes 
additionally limits the materials selection for electrodes. The materials that can be used 
tend to be bulky and brittle, limiting the geometric configurations that can be used. 
Bearing these considerations in mind, the resistance of the electrodes should be 
considered a constant. Similarly, the resistance of the YSZ is fixed because it is a 
required material and only one geometric configuration is possible for use in a SOM 
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system. 
That leaves the resistance of the flux as a key parameter to be measured and 
engineered for this system. To measure this, a standardized technique must be applied 
that is repeatable over multiple conditions. A technology developed for such a task is a 
concentric coaxial electrode set using a high-accuracy-height-differential measuring 
technique [56], [57]. By measuring the resistance of the flux using an electrochemical 
impedance spectrum, the electrical conductivity of a flux can be calculated within certain 
bounds. 
Figure 19 shows a schematic of how two concentric electrodes were originally 
designed for analyzing the conductivity of different molten liquids and salts. 
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Figure 19: A Diagram Showing a Schematic of the Concentric Electrodes [58] 
Figure 20 shows the corresponding electrical schematic for the apparatus and 
how the components are tied together. 
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Figure 20: Electrical Schematic of Concentric Electrode Apparatus [60] 
Figure 21 shows how the current traveling between the electrodes through a 
molten media changes as a function of immersion depth. The key assumption here is that 
the fringe resistance will not change with differences in immersion depth. However, the 
radial component does change as the electrodes are dipped in further. This variation of 
resistance can then be plotted along with immersion depth to find the conductivity of the 
molten flux. 
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Figure 21: Fringe and Radial Currents as a Function of Immersion Depth [59] 
Taking the principles of Figure 20 and Figure 21 into consideration, the equation 
that defines this system can be seen in Equation 2-17: 𝑍Z = 𝑍v  + 𝑍q + 𝑍] (2 − 17) 
where 𝑍Z  is the measured impedance for the system (Ω), 𝑍v   is the impedance of 
the leadwires connected to the measuring device (Ω), 𝑍q is the electrode impedance (Ω), 
and 𝑍] is the impedance of the molten solution (Ω). Since the resistance of a system can 
be defined by Equation 2-18: 
𝑅 = 𝜌 ∗  𝑙𝐴 = 1𝜅 ∗  𝑙𝐴 (2 − 18) 
where 𝑅 is the resistance of the circuit element (Ω), 𝜌 is the resistivity of the 
circuit element (Ω), 𝑙 is the path length that the current travels (m), 𝐴 is the current path’s 
cross-sectional area (m2), and 𝜅 is the total conductivity of the circuit element (S), the 
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resistance of the system can be tied to its conductivity. Since the impedance of a circuit 
element can be simplified to only contain a purely resistive component (𝑍qvqZqywqlv ), it 
stands to reason that the impedance of the molten solution can be tied to the conductivity 
of the molten solution. 
By measuring the impedance of the leadwires and electrodes through a shorting 
experiment in the same conditions that impedance of the molten salt would be measured, 
those terms can be subtracted. This leaves the resistance of the molten solution as being 
Equation 2-19: 1𝑍]xvwhxyqlv = 1𝑅]xvwhxy = 1𝑅]xvwhxylhlv + 1𝑅]xvwhxyhyXq (2 − 19) 
By differentiating Equation 2-19 with respect to immersion depth, z (m), 
Equation 2-20 is made. 
𝑑 f 1𝑍]xvwhxyqlv n𝑑𝑧 = 𝑑 f 1𝑅]xvwhxylhlv n𝑑𝑧 (2 − 20) 
Here, 𝑅]xvwhxyhyXq  disappears from the differentiation as it is a constant no matter 
what immersion depth it is at. In addition, the conductivity of a coaxial system can be 
defined as Equation 2-21: 
1𝑅]xvwhxylhlv = 𝜅 £2 ∗ 𝜋 ∗ 𝑧ln ¦𝑏𝑎§ ¨ = 𝜅 ∗ 1𝐺 (2 − 21) 
where b is the inner radius of the outer electrode (m), a is the outer radius of the inner 
electrode (m), and G is the cell constant. Combining Equation 2-20 and Equation 2-21, 
Equation 2-22 can be developed which finds the relationship between immersion depth 
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and conductivity. 
𝜅 = ln ¦𝑏𝑎§2 ∗ 𝜋 ∗ 𝑑 f 1𝑅]xvwhxylhlv n𝑑𝑧 (2 − 22) 
Assuming that the former geometric terms are constant, a linear regression of the 
inverse of the resistance of the molten solution and the relative immersion depth of the 
electrodes can be used to find the conductivity of the molten solution for a fixed 
temperature. 
A very low resistance in the electrodes and the leads was desired, allowing the 
resistance of the molten salt to dominate the impedance measurement. So, several design 
considerations were taken. Steel electrodes were selected because they were capable of 
withstanding high temperatures (at or above 1000 °C) while properly wetting with the 
molten flux. Additionally, the outer electrode was made as large as possible to give a 
sufficient path length to increase the salt’s resistance in the impedance measurement. 
Connected to the electrodes were molybdenum rods which had a low resistance in high 
temperature conditions. Prior to every run, the leads and electrodes were sanded to 
remove oxide layers that could alter the contact resistance between the two components. 
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2.6.2.  Molten Salt Conductivity Experimental Setup 
 
The setup consisted of a steel crucible filled with silicon SOM flux. The flux was 
prepared by drying the following powders calcium oxide, yttrium fluoride, silicon oxide, 
magnesium fluoride hydrate, and calcium fluoride. The powders were all purchased from 
Alfa Aesar and had the following purities: calcium oxide – reagent, yttrium fluoride – 
99.9%, silicon oxide – 99.55, calcium fluoride – 99.5%, magnesium fluoride hydrate – 
min 87%. To remove water and carbonaceous impurities, the powders were dried in a 
Carbo-lite RHF 1600/3 box furnace at 400 °C for 6 hours. 450 grams of flux were 
prepared based on a formulation of 9 wt% calcium oxide, 4 wt% yttrium fluoride, 5 wt% 
silicon oxide, and the remainder bulk fluoride eutectic. To give the system a uniform 
composition, the fluorides were first weighed out and ball milled for 6 hours at ~75 rpm 
using zirconia milling media. The fluorides were then placed in a carbon crucible and 
heated to 1150 °C for two hours in a forming as environment (95% argon, 5% hydrogen). 
After two hours, the crucible was extracted and the molten salt was allowed to cool. The 
fluoride mixture extracted and mechanically sanded to remove any carbon residue on its 
surfaces. The fluoride mix was then crushed with a stainless steel anvil and base. Once 
finely ground, the fluoride base was mixed with dried oxides in the appropriate 
proportions and ball milled for 6 hours at ~75 rpm using zirconia milling media. This 
oxyfluoride mixture was placed in a mild steel (AISI 1018) crucible and heated to 
1150 °C for two hours in a forming gas environment (95% argon, 5% hydrogen). After 
two hours, the crucible was allowed to cool with the oxyfluoride flux in place. 
Two steel electrodes (AISI 1018) were prepared for immersion into the molten 
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oxyfluoride. The inner electrode had an outer diameter of 0.375 inches and a height of 
two inches. The outer electrode had an outer diameter of 2.25 inches, an inner diameter of 
1.75 inches, and a height of two inches. The inner electrode had a #5 hole drilled in its 
center and was threaded with an 1/8-inch molybdenum rod. The outer electrode had two 
#5 holes drilled two inches apart on its diameter, and both holes were threaded with 1/8 
inch molybdenum rods. To ensure concentricity between the electrodes, a ¼ inch thick 
hexagonal boron nitride spacer had three 1/8-inch holes drilled corresponding with the 
locations where the holes for the electrodes were. This spacer was placed on top of the 
steel electrodes to level them. 
The electrodes were placed above the flux and the system was heated to 1050 °C 
in a forming gas environment (95% argon, 5% hydrogen). Once the system was at 
temperature, the electrodes were touched off to the top of the flux. They were then 
lowered ¼ inch into the flux. Measurements were taken every 1/8 inch, allowing 5 
minutes in between each height to allow the system to reach equilibrium. At the end of a 
series of measurements, the electrodes were raised and the system was heated to its new 
temperature. This process was repeated until measurements were made at all desired 
temperature. A schematic for the setup can be seen in Figure 22. 
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Figure 22: Schematic of Conductivity Measurement Setup and Concentric Electrodes 
 
2.6.3.  Molten Salt Conductivity Analysis 
 
The electrical conductivity for the 9 wt% calcium oxide, 4 wt% yttrium fluoride, 
5 wt% silicon oxide, and remainder bulk fluoride eutectic was measured over three 
temperature points, 1050 °C and 1075 °C, and 1100 °C. Below 1050 °C, the molten 
oxyfluoride became too viscous and the immersion measurements were inconsistent. 
Above 1100 °C, the flux became too conductive and the margin of error produced by the 
resistance of the leadwires and electrodes rendered any measurements inaccurate. The 
average resistance of the leadwires and electrodes was 32.5 milliohms. Taking into 
account a 2.5 milliohm variance in resistance, the range of resistance in the leadwires and 
electrodes was from 30 to 35 milliohms. The resistances of the molten flux at different 
depths at temperatures is recorded in Table 16. The graphs derived from the inverse of 
the resistance values (Admittance [Siemens]) can be seen in Figure 23. 
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Immersion Depth (cm) Resistance (Ω) @1050 °C 
Resistance (Ω) 
@1075 °C 
Resistance (Ω) 
@1100 °C 
0.635 0.1125 0.0967 0.0874 
0.9525 0.0947 0.0832 0.0748 
1.27 0.084 0.715 0.0663 
1.5875 0.075 0.066 N/A 
1.905 0.069 N/A N/A 
Table 16: Conductivity of Silicon SOM flux at Various Temperatures and Depths 
 
Figure 23: Linear Regressions of Immersion Depth vs. Admittance for the Silicon SOM Flux 
Using the graphs, the geometric constants, and the variance caused by the 
leadwires and electrodes, conductivity values for each temperature value can be found. 
These values are in Table 17: Conductivity of Silicon SOM Flux at 1050 °C, 1075 °C, 
and 1100 °C. 
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Temperature (°C) 1050 1075 1100 
Conductivity (S/cm) 2.87 ± 0.27 3.76 ± 0.39 4.38 ± 0.48 
Table 17: Conductivity of Silicon SOM Flux at 1050 °C, 1075 °C, and 1100 °C 
 
Having acquired a series of conductivity values at various temperatures, a 
correlation can be drawn between them using the Arrhenius equation, Equation 2-23: 
𝜅 = 𝐴 ∗ 𝑒J©|∗} (2 − 23) 
where 𝐴 is a pre-exponential factor, 𝐸l  is the activation energy of the system (J * 
mol-1), R is the ideal gas constant (8.314 J * mol-1 * K-1), and T is the temperature (K). 
Noting the equations general form, the conductivity of the system should increase as the 
temperature increases, which agrees with the trend seen in Table 17: Conductivity of 
Silicon SOM Flux at 1050 °C, 1075 °C, and 1100 °C. From a molecular perspective, this 
can be seen as the molecules within the molten flux becoming more mobile as the 
temperature becomes higher. A good agreement between the experimental data and 
Arrhenius equation can be seen in Figure 24. 
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Figure 24: Conductivity Data Plotted into the Arrhenius Equation 
Analyzing the slope of this graph, the activation energy of the flux was found to 
be 127.92 kilojoules (kJ) per mole. Extrapolating these values, the pre-exponential factor 
was found to be 322.52 Siemens per centimeter. Expecting the cell to operate at 1200 °C, 
an extrapolation of the Arrhenius equation finds that the expected conductivity to be 9.38 
Siemens per centimeter. This value is well above the required design criteria, meaning 
that the flux will not contribute much to the ohmic resistance of the silicon SOM cell. 
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3. THEORY OF SOM ELECTROLYSIS 
 
3.1. Thermodynamics of the SOM Process 
 
3.1.1   Electrochemical Gibbs Free Energy 
 
Using the SOM process requires a prediction of what species should emerge when 
specific potentials are applied. To understand this, an analysis of the electrochemical 
Gibbs free energy in the system can be used. For a SOM system, Equation 3-1 and 
Equation 3-2 show a generalized electrolysis reaction and the associated Gibbs free 
energy of the reaction. 
𝑀𝑒𝑂 → 𝑀𝑒 + 12𝑂"	(𝑔) (3 − 1) 
∆𝐺 = ∆𝐺 + 	𝑅 ∗ 𝑇 ∗ 𝑙𝑛 «𝑎pq ∗ 𝑃m["𝑎pqm ¬ (3 − 2) 
The disassociation potential is found to be proportional to the Gibbs free energy 
via Equation 3-3: ∆𝐺 = −𝑛𝐹𝐸 (3 − 3) 
where ∆𝐺 is the change in Gibbs free energy (J * mol-1), n is the number of 
electrons transferred during the electrolysis process (mol), F is Faraday’s constant (96485 
C * mol-1), and E is the applied potential (J * C-1). Thus, by combining Equation 3-2 and 
Equation 3-3, Equation 3-4 can be developed: 
𝐸 = − ∆𝐺𝑛 ∗ 𝐹 −	𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ∗ 𝑙𝑛 «𝑎pq ∗ 𝑃m["𝑎pqm ¬ (3 − 4) 
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Using Equation 3-4, standard disassociation potentials at 1200 °C can be found 
for all major compounds in the system, including oxide impurities commonly found in 
silicon oxide and calcium oxide. This is done by removing the effects of the activities of 
the desired species in the molten salt, the activity of the metal in the cathode, and the 
partial pressure of oxygen. These standard potential values are in Table 18, calculated 
using HSC 5.1. 
Compound Standard Disassociation Potential (V) 
Iron (III) Oxide -0.763 
Phosphorus Pentoxide -0.871 
Boron Oxide -1.589 
Silicon Oxide -1.682 
Zirconium Oxide -2.130 
Sodium Oxide -2.319 
Yttrium Oxide -2.559 
Table 18: Standard Disassociation Potentials at 1200 °C 
Assuming that common impurities are iron, phosphorus, and boron, a pre-
electrolysis is required to be run to try and remove them. Furthermore, their removal into 
the cathode allows for more accurate electrochemical measurements to be made. To 
electrolyze silicon, though, from the flux, about -1.68 volts is required to separate it from 
the flux, in an ideal system. Taking into consideration the effects of depositing the silicon 
into a liquid cathode, though, the potential will most likely decrease as the activity of the 
silicon decreases in the alloy. 
3.1.2 Energy Consumption Analysis 
 
From an energy perspective, the SOM process can be broken down into two 
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sections: enthalpy and Gibbs free energy. The generalized equations for this are seen in 
Equation 3-5 and Equation 3-6: 𝑆𝑖𝑂"	(𝑓𝑙𝑢𝑥) → 𝑆𝑖	(𝑎𝑙𝑙𝑜𝑦) +	𝑂"	(𝑔) (3 − 5) ∆𝐺y = ∆𝐻y − 𝑇∆𝑆y (3 − 6) 
where ∆𝐺y  is the standard Gibbs free energy change of the reaction (J * mol-1), ∆𝐻y  is the standard enthalpy change of the reaction (J * mol-1), T is the temperature 
(K), and ∆𝑆y  is the standard entropy change of the reaction (J * mol-1 * K). Using HSC 
5.1, the enthalpy of the silicon SOM disassociation reaction was found to be 9.25 kWh 
per kg of silicon metal produced at 1200 °C. The Gibbs free energy at this reaction was 
calculated to be 6.68 kWh per kg of silicon metal produced. So, to produce silicon 
electrolytically, 6.68 kWh of electrical energy and 2.57 kWh of thermal energy must be 
provided to make one kilogram of solar grade silicon. 
In comparison, the standard carbothermic reduction and Siemens process has 
multiple steps to produce solar grade silicon. Conventional arc furnaces are used in the 
carbothermic reduction and the system is generally believed to have the main constituents 
of: silicon, silicon oxide, carbon, and carbon monoxide. The carbothermic reduction of 
silicon is defined by Equation 3-7 [59]: 𝑆𝑖𝑂"	(𝑙) + 2	𝐶	(𝑠) → 𝑆𝑖	(𝑙) + 	2	𝐶𝑂	(𝑔) (3 − 7) 
At normal operating conditions, the arc furnace is at least 1820 °C. Literature 
reviews indicate that the enthalpy of the reaction is generally between 12 to 16 kWh per 
kg of MG silicon [1]. Additionally, the secondary process required to refine the silicon 
via the Siemens process is highly energy intensive process defined by Equation 3-8 and 
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Equation 3-9: 𝑆𝑖	(𝑠) + 3	𝐻𝐶𝑙	(𝑔) → 𝑆𝑖𝐻𝐶𝑙<	(𝑔) +	𝐻"	(𝑔) (3 − 8) 	4	𝑆𝑖𝐻𝐶𝑙<(𝑔) → 𝑆𝑖(𝑠) + 3	𝑆𝑖𝐶𝑙0	(𝑔) + 𝐻"	(𝑔) (3 − 9) 
Although Equation 3-8 is exothermic (ΔH = -2.16 kWh per kg of MG silicon at 
200 °C), the reaction’s exothermic heat generation is offset by the decomposition of 
trichlorosilane Equation 3-9 (ΔH = 0.30 kWh per kg of SoG silicon at 1100 °C) and the 
heat required to process the trichlorosilane. The heat required to purify the trichlorosilane 
in distillation and condensation cycles and heat the decomposition chamber is measured 
to be about 180 kWh per kg of SoG silicon produced, assuming no gas recycling occurs 
[9].  
Assuming that only that the carbothermic and electrolytic reactions are compared, 
the SOM process consumes less energy overall, at least 3 kWh per kg of MG silicon 
produced. Taking into account a conservative energy consumed by the distillation and 
condensation cycles, an extra 85 kWh per kg of SoG silicon is required to purify the MG 
silicon [9]. Thus, from a reaction and purity standpoint, the production of SoG silicon via 
the SOM process is expected to reduce the energy consumption of high purity silicon 
formation by at least 88 kWh per kg of SoG silicon. In addition, no carbonaceous or 
chlorinated byproducts are created through the SOM process. 
3.2. Kinetics of the SOM Process 
 
3.2.1    Developing a Kinetic Model 
 
Using the SOM process requires an understanding of all processes taking place, 
both thermodynamic and kinetic. To have a better understanding of the overpotentials 
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existing within the system, an electrochemical model for the SOM process was created. 
Guan and Su used an generalized DC equivalent circuit model to outline the different 
mechanisms in the SOM process for magnesium and aluminum SOM electrolysis [28], 
[60]. The mechanisms taken into account in this model were: 
1. The disassociation of the desired oxide (silicon oxide) 
2. The disassociation of impurity oxides 
3. The electronic conductivity of the molten flux 
4. Resistance contributions from different SOM cell components 
A version of this DC equivalent circuit can be seen in Figure 25: Equivalent DC 
Circuit for Silicon SOM Processing. Table 19 contains all the symbols used and their 
definitions. 
 
Figure 25: Equivalent DC Circuit for Silicon SOM Processing 
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Symbol Defintion 𝑬𝒂𝒑𝒑𝒍𝒊𝒆𝒅 Applied Potential 𝑬𝑵𝒆𝒓𝒏𝒔𝒕𝑺𝒊𝑶𝟐  Nernst Potential for SiO2 𝑬𝑵𝒆𝒓𝒏𝒔𝒕𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Nernst Potential for Impurities 𝑬𝑵𝒆𝒓𝒏𝒔𝒕𝒁𝒓𝑶𝟐  Nernst Potential for ZrO2 𝑹𝒍𝒆𝒂𝒅𝒔 Resistance of Lead Wires and Current Collectors 𝑹𝒄𝒕(𝒂,𝒄)𝑺𝒊𝑶𝟐  Charge Transfer Resistance at the Anode and Cathode for SiO2 Disassociation 𝑹𝒄𝒐𝒏𝒄(𝒂,𝒄)𝑺𝒊𝑶𝟐  Concentration Polarization Resistance at the Anode and Cathode for SiO2 Disassociation 𝑹𝒊(𝒀𝑺𝒁)𝑺𝒊𝑶𝟐  Ionic Resistance of YSZ Membrane Involved in SiO2 Disassociation 𝑹𝒊(𝒇𝒍𝒖𝒙)𝑺𝒊𝑶𝟐  Ionic Resistance of Flux Involved in SiO2 Disassociation 𝑹𝒄𝒕(𝒂,𝒄)𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Charge Transfer Resistance at the Anode and Cathode for Impurity Oxides Disassociation 𝑹𝒄𝒐𝒏𝒄(𝒂,𝒄)𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Concentration Polarization Resistance at the Anode and Cathode for Impurity Oxides Disassociation 𝑹𝒊(𝒀𝑺𝒁)𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Ionic Resistance of YSZ Membrane Involved in Impurity Oxides Disassociation 𝑹𝒊(𝒇𝒍𝒖𝒙)𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Ionic Resistance of Flux Involved in Impurity Oxides Disassociation 𝑹𝒄𝒕(𝒂,𝒄)𝒁𝒓𝑶𝟐  Charge Transfer Resistance at the Anode and Cathode for ZrO2 Disassociation 𝑹𝒊(𝒀𝑺𝒁)𝒁𝒓𝑶𝟐  Ionic Resistance of YSZ Membrane Involved in ZrO2 Disassociation 𝑹𝒆(𝒀𝑺𝒁) Electronic Resistance of the YSZ Membrane 𝑹𝒆(𝒇𝒍𝒖𝒙) Electronic Resistance of the Flux Between the YSZ Membrane and the Cathode 𝑰𝒕𝒐𝒕𝒂𝒍 Total Current in the System 𝑰𝒊𝒐𝒏𝒊𝒄𝑺𝒊𝑶𝟐  Ionic Current for SiO2 Disassociation 𝑰𝒊𝒐𝒏𝒊𝒄𝒊𝒎𝒑𝒖𝒓𝒊𝒕𝒊𝒆𝒔 Ionic Current for Impurity Oxide Disassociation 𝑰𝒊𝒐𝒏𝒊𝒄𝒁𝒓𝑶𝟐  Ionic Current for ZrO2 Disassociation 𝑰𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒊𝒄 Electronic Current Passing Through the YSZ Membrane 
Table 19: Definitions of Symbols in the Silicon SOM DC Equivalent Circuit 
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In the silicon SOM process, the impurity oxides disassociation pathway is 
removed by running a pre-electrolysis at a potential lower than the silicon oxide 
disassociation potential. An analysis of a potentiodynamic scan (PDS) can determine the 
effectiveness of the pre-electrolysis process. If the PDS scan only shows one change in 
the slope, then only one compound is being predominantly disassociated in the SOM 
system. Another possible pathway for current is the disassociation of the zirconium oxide 
in the YSZ membrane. This mechanism is mitigated by running the electrolysis at a lower 
disassociation potential than that of zirconium oxide and by the poor solubility of 
zirconium oxide in the flux [28]. If the zirconium oxide cannot be dissolved into the flux, 
then the zirconium oxide’s activity at the cathode is kept very low, preventing the 
reduction of the zirconium from occurring. At high temperatures (> 1100 °C), the YSZ 
membrane also has an electronic conductivity. If electronic current flows through the 
system, it acts as a short circuit, decreasing the efficiency of the SOM process. However, 
the ionic nature of the flux means that the bulk of the energy put into the SOM system is 
used to disassociate the silicon oxide. So, the system is left with one primary path for 
current to flow through, the silicon oxide disassociation path. A simplified equivalent DC 
circuit for this process is in Figure 26. 
 
Figure 26: Simplified Equivalent DC Circuit for Silicon SOM Processing 
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3.2.2    Polarization Model for the Silicon SOM Process 
 
Based on the simplified equivalent DC circuit, the applied potential (𝐸lvhq) on 
the system can be defined as Equation 3-10: 𝐸lvhq = Ç𝐸Èqy]wghm[ Ç + 𝜂xÊZ + 𝜂Yw(l,Y) + 𝜂YxyY,Y + 𝜂YxyY,l	 (3 − 10) 
where Ç𝐸Èqy]wghm[ Ç is the absolute value of the silicon oxide disassociation Nernst 
potential, 𝜂xÊZ is the ohmic polarization in the SOM system, 𝜂Yw(l,Y) is the charge 
transfer polarization in the system, 𝜂YxyY,Y is the cathodic concentration polarization, and 𝜂YxyY,l is the anodic concentration polarization. 
3.2.3    Silicon Oxide Disassociation Nernst Potential 
 
The Nernst potential for the reduction of silicon via SOM processing into a liquid 
metal cathode is defined by Equation 3-11: 
𝐸Èqy]wghm[ = 𝐸Èqy]w,ghm[ + 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f 𝑎ghm[(v)𝑎gh	(lvvxË) ∗ 𝑎m[(X),lyxq/gn	 (3 − 11) 
which can also be expressed in terms of gaseous pressure for the oxygen product as in 
Equation 3-12: 
𝐸Èqy]wghm[ = 𝐸Èqy]w,ghm[ + 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f 𝑎ghm[(v)𝑎gh	(lvvxË) ∗ 𝑃m[(X),lyxq/gn	 (3 − 12) 
where 𝐸Èqy]wghm[ is the Nernst potential for the reduction of silicon, 𝐸Èqy]w,ghm[ is the 
standard Nernst potential for the reduction of silicon, R is the ideal gas constant (8.314 J 
* mol-1 * K-1), T is the temperature of the system (K), n is the number of moles of 
electrons transferred in the reaction (4 mol), F is Faraday’s constant (96485 C * mol-1), 𝑎ghm[(v) is the activity of silicon oxide dissolved in the flux, 𝑎gh	(lvvxË) is the activity of 
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silicon in the liquid metal cathode, and 𝑃m[(X),lyxq/g  is the partial pressure of oxygen 
at the anode/YSZ interface. 
Here, the Nernst potential is related to the activity of the silicon oxide dissolved in 
the flux, the activity of the silicon in the liquid metal cathode, and the activity of oxygen 
at the anode, which can also be expressed as the partial pressure of oxygen at the 
anode/YSZ interface. For this system, the activity of the silicon oxide in the flux depends 
on the activity coefficient and concentration of silicon oxide dissolved in the flux. The 
activity of the silicon in the system depends on the activity coefficient and concentration 
of silicon in the liquid metal cathode. The partial pressure of the oxygen gas in the liquid 
silver anode equilibrates with the oxygen in the atmosphere above the anode. However, 
since the liquid silver anode tends to supersaturate with dissolved oxygen when the 
silicon oxide disassociation potential is applied, the partial pressure of oxygen gas at the 
anode/YSZ interface is expected to be higher than the partial pressure of the atmosphere 
above the anode. During the SOM electrolysis experiments, the silicon oxide 
disassociation Nernst potential can be found in a PDS scan, applied between the cathode 
and anode, at the deflection point in the current-potential curve. 
3.2.4    Ohmic Polarization 
 
The ohmic polarization, 𝜂xÊZ, of the SOM system can be expressed as Equation 
3-13: 𝜂xÊZ = 𝐼hxyhYghm[ ∗ ¦𝑅h(g)ghm[ + 𝑅h(v)ghm[ + 𝑅vql]§ = 𝐼hxyhYghm[ ∗ 𝑅kqvv 	 (3 − 13) 
The total ohmic resistance for the system (𝑅kqvv) is the sum of the YSZ membrane 
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resistance 𝑅h(g)ghm[ , the flux resistance 𝑅h(v)ghm[ , the electrodes resistance, the lead wires 
resistance, and the contact resistances between the interfaces, collectively represented by 𝑅vql] . The resistance of the SOM cell was measured by an EIS measurement between 
the anode and cathode prior to the cell’s operation. 
3.2.5    Activation Polarization 
 
For a system where charge transfer takes place, an activation overpotential 
(𝜂Yw(l,Y))  is the overpotential needed to drive the reaction past the activation energy at the 
electrodes. For small currents that are not dominated by mass transfer effects, the 
activation overpotential can be described by the Butler-Volmer Equation in Equation 3-
14 [61]: 
𝑖 = 𝑖𝑒JÍ∗y∗ÎÏÐ(,Ï)∗i|∗}  − 𝑖𝑒f(JÍ)∗y∗ÎÏÐ(,Ï)∗i|∗} n	 (3 − 14) 
where	𝑖 is the current in the cell (A), 𝑖 is the exchange current (A), α is the 
transfer coefficient, n is the number of electrons transferred (4 mol), F is Faraday’s 
constant (96485 C * mol-1), R is the ideal gas constant (8.314 J * mol-1 * K-1), and T is 
the temperature (K). For the purposes of this analysis, the activation overpotentials at 
both the anode and cathode are combined into one activation overpotential, 𝜂Yw(l,Y). 
Additionally, the transfer coefficient for the SOM process is assumed to be symmetric for 
the activation energy at both electrodes, making α = 0.5. Using these assumptions, the 
exchange current can be analyzed, which indicates the amount of electrocatalytic activity 
that occurs at the electrode/flux interfaces for the silicon SOM electrolysis reaction. 
Applying these values and assumptions, a simplified form of Equation 3−14 can then be 
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expressed as Equation 3-15: 
𝑖 = 𝑖𝑒J.Ñ∗y∗ÎÏÐ(,Ï)∗i|∗}  − 𝑖𝑒.Ñ∗y∗ÎÏÐ(,Ï)∗i|∗} 	 (3 − 15) 
Equation 3-15 can also be expressed as a quadratic equation in terms of 
𝑒[∗ÒÏÐ(,Ï)∗ÓÔ∗Õ , as seen in Equation 3-16: 
Ö𝑒.Ñ∗y∗ÎÏÐ(,Ï)∗i|∗} ×" − 𝑖𝑖 Ö𝑒.Ñ∗y∗ÎÏÐ(,Ï)∗i|∗} × − 1 = 0	 (3 − 16) 
Solving the quadratic equation in terms of 𝑒Ø.Ù∗Ú∗ÒÏÐ(,Ï)∗ÓÔ∗Õ  gives Equation 3-17: 
𝑒.Ñ∗y∗ÎÏÐ(,Ï)∗i|∗}  =  𝑖2𝑖 + Û 𝑖2𝑖" + 1	 (3 − 17) 
Solving for the activation polarization in terms of current in the cell gives 
Equation 3-18: 
𝜂Yw(l,Y) = 𝑅 ∗ 𝑇0.5 ∗ 𝑛 ∗ 𝐹 ∗ ln Ü 𝑖2𝑖 + Û 𝑖2𝑖" + 1Ý (3 − 18) 
3.2.5    Cathodic Concentration Polarization 
 
A cathodic concentration polarization develops as the concentration of silicon 
oxide in the flux develops a gradient in the diffusion layer between the cathode surface 
and the bulk flux. This polarization must be overcome by a cathodic overpotential, seen 
in Equation 3-19: 
𝜂YxyY,Y = 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f𝑎ghm[(v)𝑎ghm[(v)h n (3 − 19) 
where R is the ideal gas constant (8.314 J * mol-1 * K-1), T is the temperature (K), n is the 
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number of electrons transferred (4 mol), F is Faraday’s constant (96485 C * mol-1),  𝑎ghm[(v)  is the activity of silicon oxide in the bulk flux, and 𝑎ghm[(v)h  is the activity of 
silicon oxide at the flux/electrode interface when a current density, 𝑖, is being applied. 
When a Henrian system is assumed, Equation 3-19 can be rewritten as Equation 3-20: 
𝜂YxyY,Y = 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f𝐶ghm[(v)𝐶ghm[(v)h n	 (3 − 20) 
where 𝐶ghm[(v)  is the bulk concentration of silicon oxide in the flux (mol * cm-3), and 𝐶ghm[(v)h  is the concentration of silicon oxide at the flux/electrode interface when a 
current density, 𝑖, is being applied (mol * cm-3). 
Due to the concentration gradient, silicon oxide diffuses through the diffusion 
layer from the bulk to the cathode surface. If a linear concentration gradient is assumed 
between the bulk flux and the cathode surface, the diffusion of silicon oxide to the 
cathode surface can be defined by Fick’s first law, seen in Equation 3-21: 
𝐽ghm[,v→YlwÊxq = −𝐷ghm[(v) 𝑑𝐶ghm[(v)𝑑𝑥 = −𝐷ghm[(v) 𝐶ghm[(v)h − 𝐶ghm[(v)𝛿k																																																																																																																																																	(3 − 21)  
 where 𝐽ghm[,v→YlwÊxq  is the diffusion flux of silicon oxide (mol * cm-2 * s-1),  𝐷ghm[(v) is the diffusion coefficient of silicon oxide in the flux (cm2 * s-1) and 𝛿k  is the 
thickness of the diffusion layer adjacent to the cathode surface (cm). 
The diffusion flux of silicon oxide, 𝐽ghm[,v→YlwÊxq , can be associated with the 
cell current, as seen in Equation 3-22: 
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𝑖 = 𝑛 ∗ 𝐹 ∗ 𝐴k ∗ 𝐽ghm[,v→YlwÊxq = −𝑛 ∗ 𝐹 ∗ 𝐴k ∗ 𝐷ghm[(v) 𝐶ghm[(v)h − 𝐶ghm[(v)𝛿k 																																																																																																																																																(3 − 22)  
where 𝐴k  is the effective cathode area (cm2) for the cathodic half-cell reaction. 
For this system, the largest diffusion rate occurs when 𝐶ghm[(v)h  is zero, meaning that 
the silicon oxide concentration at the cathode surface has been fully depleted. When this 
condition is met, the current reaches a value known as the cathodic limiting current, 
which is expressed as Equation 3-23: 
𝑖v,Y = 𝑛 ∗ 𝐹 ∗ 𝐴k ∗ 𝐷ghm[(v) 𝐶ghm[(v) 𝛿k 	 (3 − 23) 
Equation 3-22 and Equation 3-23 can be rewritten to solve for 𝐶ghm[(v)h  and 𝐶ghm[(v) , as seen in Equation 3-24 and Equation 3-25: 𝐶ghm[(v) = 𝑖v,Y ∗ 𝛿k𝑛 ∗ 𝐹 ∗ 𝐴k ∗ 𝐷ghm[(v) 	 (3 − 24) 
𝐶ghm[(v)h = ß𝑖v,Y − 𝑖à ∗ 𝛿k𝑛 ∗ 𝐹 ∗ 𝐴k ∗ 𝐷ghm[(v) 	 (3 − 25) 
Substituting Equation 3-24 and Equation 3-25 into Equation 3-20, the cathodic 
concentration overpotential can be expressed as Equation 3-26: 
𝜂YxyY,Y = 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f 𝑖v,Y𝑖v,Y − 𝑖n	 (3 − 26) 
3.2.6    Anode Polarization 
 
Once the oxygen content within anode reaches equilibrium with the oxygen 
partial pressure in the local atmosphere, a polarization develops at the anode as oxygen 
gas tries to evolve from the liquid silver anode. When the silicon oxide disassociation 
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potential is applied, oxygen migrates through the YSZ membrane towards the anode. 
Once at the anode, the oxygen is oxidized and goes into solution within the silver. When 
the partial pressure of oxygen within the liquid silver (𝑃m[(uX)á ) exceeds the pressure of 
the local atmosphere, assumed to be 1 atmosphere (atm), the oxygen will form bubbles 
and leave the silver anode. To form these bubbles, though, an overpotential must be 
applied. The overpotential for this reaction can be seen in Equation 3-27: 
𝜂YxyY,l = 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f𝑃m[(uX)á1	𝑎𝑡𝑚 n	 (3 − 27) 
3.2.7    Current-Potential Relationship in Polarization Modeling 
 
A generalized equation relating the applied voltage and the current within the 
SOM system can be found by substituting Equations 3-12, 3-13, 3-18, 3-26, and 3-27 
into Equation 3-10: 𝐸lvhq = Ç𝐸Èqy]wghm[ Ç + 𝐼hxyhYghm[ ∗ 𝑅kqvv+ 𝑅 ∗ 𝑇0.5 ∗ 𝑛 ∗ 𝐹 ∗ ln Ü 𝑖2𝑖 + Û 𝑖2𝑖" + 1Ý+𝑅 ∗ 𝑇𝑛 ∗ 𝐹 lnf 𝑖v,Y𝑖v,Y − 𝑖n + 𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f𝑃m[(uX)á1	𝑎𝑡𝑚 n	 (3 − 28)
 
This creates Equation 3-28 which can be curve fitted to a PDS scan to analyze the 
polarization loss of each overpotential component and quantify the unknown parameters 
in the system: the exchange current (𝑖), the cathodic limiting current (𝑖v,Y), and the 
oxygen partial pressure in the liquid silver that forms oxygen gas at the YSZ/anode 
interface (𝑃m[(uX)á ). An analysis of this fitting will be implemented during the SOM run 
analysis.  
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4. SILICON SOM CELL DESIGN AND EXPERIMENTS 
 
4.1. Cell Design 
The SOM cell components were selected for compatibility with each other and 
maximum electrolytic efficiency. In addition, each component has further requirements 
based on the chemistries it must deal with while under operating conditions. As a general 
rule, the silicon SOM process has four components: 
1. Cathode 
2. Anode 
3. Flux 
4. Container Vessels 
The design criteria will be specified along with possible materials for the use in 
the cell. 
4.2. Liquid Cathode Design and Current Collector 
In choosing components for the cathode, several key factors in materials design 
and selection are dominant. The first is the ability of the cathode to either form a liquid 
solution that can phase separate out pure silicon or plate silicon onto the cathode’s 
surface. The second is a cathode geometry that can limit mass transfer limitations. The 
third criteria is the ability of the cathode to act as a gettering agent if impurities are 
electrolyzed through it. A special criterion for liquid cathodes is that they should have a 
low melting point so that the silicon solid can phase separate out while the cathode 
material remains a liquid during cooling. Previous experimentation has shown that a 
liquid tin cathode meets these requirements based on the phase diagram in Figure 27. 
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Figure 27: Silicon-Tin Phase Diagram [62] 
Analyzing the phase diagram of silicon and tin, a large immiscibility is present 
once the system goes below the liquidus line. Above the liquidus, the silicon and tin form 
a complete liquid solution. So, when the system is cooled slowly, the silicon is given time 
to nucleate and phase separate as a pure solid out of the liquid. Additionally, the slope of 
the liquidus is gradual from about 1500 K (1223 °C) to 1700 K (1423 °C), meaning that a 
large amount of silicon will start to phase separate over a relatively small temperature 
span.  
Furthermore, the low melting point of the tin allows it to be the first component to 
melt and conform to whatever vessel is chosen to contain it. If a large surface area 
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container is designed to hold it, the effective area that the cathode contacts the flux can be 
greatly increased to try and prevent mass transfer effects from limiting the efficiency of 
the system. Given the heavy density of tin, it sinks to the bottom of the reaction vessel. 
So, as long as the tin is kept isolated from electronically conductive components in a 
container, its surface area is only limited by the diameter of the containing vessel. 
Lastly, the tin acts as a gettering agent if different impurities are electrolyzed and 
the system is cooled in a manner that causes directional solidification [62]. Previous 
literature indicates that a liquid silicon-tin alloy that cools with directional solidification 
can remove up to 99% parts per million weight (ppmw) of aluminum and titanium 
impurities. This technique also removes up to 98% ppmw of iron and calcium impurities. 
However, this technique only removes 62% ppmw of boron and 75% ppmw of 
phosphorus impurities. By combining the directional solidification technique with a 
calcium fluoride, calcium oxide, and silicon oxide flux interface, the directional 
solidification purification technique removes up to 99% ppmw of the previously 
mentioned metallic elements and boron [63]. However, the removal of phosphorus is still 
only about 75% ppmw.  
Accompanying the liquid tin cathode is a solid cathode current collector. To 
maintain high levels of electrical conductivity, the material must have a low resistivity at 
SOM operating temperatures while not forming resistive alloys or intermetallic 
compounds at the cathode/current collector interface. It also must not creep over 
extended periods of time at high temperature under its own weight. 
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One candidate for use with a liquid tin cathode is tungsten. Although no known 
phase diagram exists between tin and tungsten, experimental evidence indicates that at 
2000 °C 0.001 atomic percent dissolves in tin [64]. Additionally, no intermediate phases 
have been found for a tungsten-tin system. Tungsten has excellent creep resistance 
properties. At 1600 °C and under 3.9 megapascals (MPa) of load, the steady-state creep 
rate is 9.97 x 10-9 s-1 [65]. So, at 1200 °C and under its own weight, a tungsten current 
collector should not experience detriment amounts of creep. Once, the electrolysis 
process begins, though, tungsten can form intermetallics with the reduced silicon in 
solution. A phase diagram for the binary tungsten-silicon system is seen in Figure 28. 
 
Figure 28: Silicon - Tungsten Binary Phase Diagram [67] 
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After exposure to small quantities of silicon, tungsten reacts to form an 
intermetallic compound, tungsten silicide (WSi2) and solid silicon. At 1200 °C, the 
electrical resistivity of tungsten is 4.14 x 10-7 ohm * meters [66]. In contrast, tungsten 
silicide has a electrical resistivity of 9.2 x 10-7 ohm * meters at 927 °C [67]. With general 
increasing trend, the resistivity is expected to be higher at 1200 °C. Therefore, during a 
SOM experiment, the current efficiency is expected to decrease as silicon is being 
produced and alloyed with the tungsten.  
 
4.3. Solid Cathode Design 
Instead of using a liquid metal cathode, a solid electrode can be used to plate 
silicon as a product. To be useful in a silicon SOM system, a solid cathode must meet two 
key criteria. The first is the ability of the cathode material to conduct electricity 
efficiently, either as a pure substance or as an alloy/intermetallic compound with silicon. 
This means that the cathode must have a low ohmic resistance. The second is that it must 
not experience creep effects while at high temperatures, preventing electrode pieces from 
deforming or breaking off and interfering with the chemistry of the cell.  
Applying these criteria, molybdenum can be selected as a material for the 
cathode. Molybdenum has the ability to create an intermetallic layer with silicon that is 
capable of conducting electricity while remaining solid. The phase diagram of 
molybdenum and silicon can be seen in Figure 29.  
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Figure 29: Molybdenum - Silicon Phase Diagram [70] 
Molybdenum has a low resistivity (~39 x 10-8 Ω * m) at the desired SOM 
temperature (1200 °C) and intermetallic compounds, like molybdenum disilicide, have 
resistivities on the order of 2.25 x 10-6 Ω * m [68], [69]. Furthermore, the melting points 
of molybdenum and molybdenum silicide intermetallics are typically 500 Kelvin higher 
than the operating temperature of the SOM cell unless high mole fractions (XSi > 0.8) of 
silicon are achieved. In addition to high melting points, both molybdenum and 
molybdenum disilicide have relatively high creep resistance values to support their own 
weight when at 1200 °C [70], [71]. 
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4.4. SOM Anode Design and Inert Current Collector 
To function as an anode, a designed structure must meet two criteria. The first is 
that a selective membrane only allows oxygen ions to pass from the molten salt to the 
anode. The second is that the anode itself cannot oxidize at high temperatures.  
Using previous SOM experiments as a template, an anode was designed that used 
a YSZ membrane and a liquid silver anode [28], [20]. The YSZ membrane selectively 
allows oxygen ions to move from the flux to the anode when a cathodic potential is 
applied. The oxygen ions migrate through the oxygen vacancies within the YSZ structure 
while other anions cannot. The use of silver as an anode comes from liquid silver’s ability 
to form a conductive solution with dissolved oxygen. This can be seen in the phase 
diagram seen in Figure 30. 
 
Figure 30: Silver - Oxygen Binary Phase Diagram [72] 
 
 89 
Above silver’s melting point (961 °C), it becomes a liquid with a certain quantity 
of dissolved oxygen. Once the dissolved oxygen’s quantity gets above its saturation limit, 
the oxygen can outgas from the liquid silver, allowing the process to run continuously. 
Due to the oxygen outgassing from the liquid silver anode, the anode current 
collector must be designed to survive oxygen exposure at high temperatures for extended 
periods of time. To accommodate this, an inert anodic current collector was used. A 
previous design was used as a basis for this inert anode [73]. This current collector was 
composed of a sintered lanthanum doped strontium manganate bar, a tungsten rod, and a 
liquid silver contact. The tungsten rod was used instead of Inconel because better creep 
resistance was required at the higher temperatures. Also, the use of pure argon as a 
purging gas meant that oxidation resistance of inconel was no longer needed. All three 
items were encased within an aluminum oxide tube along with a small quantity of LSM 
powder, and the end placed in the liquid silver anode was sealed with aluminum oxide 
paste. The interior of the aluminum oxide tube was constantly purged with argon gas to 
prevent the metal current collector from oxidizing. A diagram of an SOM anode setup 
and current collector schematic can be seen in Figure 31. 
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Figure 31: YSZ Anode Example and LSM Inert Current Collector 
 
4.5. SOM Flux Design and Preparation 
Flux properties and design principles were previously discussed in Chapter 2. 
The selected silicon SOM salt composition was 9 weight percent calcium oxide, 5 weight 
percent silicon oxide, 4 weight percent yttrium fluoride, and the remainder eutectic 
calcium fluoride-magnesium fluoride. The powders were all purchased from Alfa Aesar 
and had the following purities: calcium oxide – reagent, yttrium fluoride – 99.9%, silicon 
oxide – 99.55, calcium fluoride – 99.5%, magnesium fluoride hydrate – min 87%.  
For small quantities of salt, the powders were dried in a Carbo-lite RHF 1600/3 
box furnace at 400 °C for 6 hours, mixed in the desired amounts, and ball milled together 
for at least 6 hours at ~75 rpm using zirconia milling media. The fluorides with calcium 
oxide were pre-melted at 1150 °C for 2 hours in a forming gas environment (95% argon, 
5% hydrogen) and cast. Then, after crushing the cast salt, silicon oxide was added to the 
fluoride-calcium oxide mixture and ball milled for at least 6 hours with zirconia milling 
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media. After milling, the salt mixture was heated to 1150 °C for 2 hours in a forming gas 
environment and cast again. After secondary crushing, the salt was immediately used in a 
SOM experiment. Casting was done in carbon crucibles to prevent iron oxide or 
chromium oxide scale from forming and dissolving into the flux when exposed to 
oxygen. 
For larger quantities of the silicon SOM salt, the fluorides and calcium oxide were 
dried in a Carbo-lite RHF 1600/3 box furnace at 400 °C for 6 hours, mixed in the desired 
quantities, and ball milled together for at least 6 hours at ~75 rpm using zirconia milling 
media. The fluorides and calcium oxide were pre-melted in a carbon crucible at 1150 °C 
for 2 hours in a forming gas environment. After cooling, the dense salt plug was 
removed, sanded to remove collected impurities, and heated in a box furnace at 400 °C 
for 6 hours to remove carbon from the surface of the flux plug. Afterwards, the flux was 
crushed, and silicon oxide was added to the mixture. The mixture was ball milled for at 
least 6 hours with zirconia milling media. The flux was then heated to 1150 °C for 2 
hours in a forming gas environment. After cooling, the silicon SOM flux was sanded and 
crushed, and used in a SOM experiment. 
4.6. Container Vessels 
To contain the various liquids used in the SOM process, vessels with different 
properties were used. When trying to contain the silicon SOM salt, an inert vessel was 
used to prevent unwanted reactions from occurring. Stainless steel or carbon crucibles 
didn’t dissolve when exposed to flux, making them ideal candidates. However, welds in 
stainless steel vessels proved to fail in experiments, leaking the flux through welds after 
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extended periods of time. So, carbon crucibles were used to ensure that the flux can’t 
escape after long periods of use. As a consequence, though, the flux was thoroughly 
mixed and pre-melted prior to every experiment. If not, the silicon oxide within the flux 
might reduce carbothermically as opposed to electrolytically. 
Since a carbon crucible was used, a separate vessel was used to contain the liquid 
tin cathode. This prevented the tin from making contact with the carbon crucible, 
allowing the SOM process to only reduce silicon oxide in contact with the liquid cathode. 
Boron nitride was chosen as the material for the containing vessel. This selection was 
made due to boron nitride’s inability to conduct electricity when in the solid state, high 
melting point (2973 °C), and immiscibility in the silicon SOM salt. Hexagonal boron 
nitride was used in the experiment due to its ability to be machined into desired shapes.  
4.7. Liquid Tin Cathode Silicon SOM Process Setup 
4.7.1. Experimental Setup 
 
A silicon SOM electrolysis process using a liquid cathode was done using the 
setup shown in Figure 32. 
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Figure 32: Setup for Liquid Tin Cathode Silicon SOM Process 
In this setup, a liquid tin cathode of 60 grams was held in a machined hexagonal 
boron nitride dish. This boron nitride dish was held inside a carbon crucible. Both vessels 
were placed inside a mullite tube and supported by a stainless steel post and an aluminum 
oxide spacer. A ¼-inch diameter tungsten rod was inserted into the cell, pushing down 
against the boron nitride. A ½-inch outer diameter, 7/16-inch inner diameter steel mixing 
tube was inserted as a sheath around the tungsten rod. A ceramic spacer was placed at the 
top, electrically isolating the sheath and the rod. Forming gas (95% argon, 5% hydrogen) 
was purged in at a rate of 50 milliliters per minute into the sheath. While the gas was 
purging, 775 grams of crushed flux was loaded into the cell, dried and pre-melted 
according the specifications laid out in Section 4.5 for large flux quantities. Two 1/8-inch 
diameter tungsten rods, acting as reference electrodes, were placed above the flux. Both 
rods were surrounded by silica sheaths to prevent grounding them to the carbon crucible. 
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An 8 mol% YSZ D-tube (0.75-inch outer diameter, 0.562 inch inner diameter) was 
inserted into the SOM cell above the flux powder line with ~35 grams of silver placed 
inside. An inert anode current collector was made from 5/16 inch outer diameter, 7/32 
inch inner diameter aluminum oxide tube with an LSM bar and aluminum oxide paste 
sealing one end. The current collector assembly was filled with ~150 milligrams of LSM 
powder, ~3 grams of silver, and a 1/8-inch diameter tungsten rod. The inert anode current 
collector was purged with argon gas at a rate of 5 milliliters per minute. When at 
operating temperature, the inert anode current collector was lowered into the silver pool 
inside the YSZ membrane. 
The SOM cell was heated to 1200 °C and left to equilibrate for two hours. The 
SOM membrane anode was lowered into the flux, just above the tin cathode. To monitor 
the behavior of the flux, the two tungsten rods were inserted into the flux periodically. 
When in the flux, electrochemical impedance spectrums (EIS) measurements were made 
and potentiostatic holds were applied across the reference electrodes. The reference 
electrodes were then removed. Prior to running an electrolysis hold, EIS measurements 
were made across the anode and cathode to measure cell behavior. When the electrolysis 
was complete, the SOM membrane anode, steel stirring tube, and tungsten current 
collector were removed from the flux. 
4.7.2. Electrochemical Characterization of the Salt and Cell 
Prior to an electrolysis run, the conditions of the salt and the SOM cell were 
analyzed. An EIS measurement was made across the reference electrodes to determine 
the overall resistance of the salt. Shortly after, a potentiostatic hold of -10 millivolts was 
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applied to the system for 50 seconds to find the electronic conductivity of the salt. These 
measurements were made with a Princeton Applied Research 263A potentiostat and a 
Solartron 1250 frequency response analyzer. Figure 33 shows the results of both the EIS 
measurement and the potentiostatic hold before a pre-electrolysis hold was applied. 
 
Figure 33: EIS Measurement and Potentiostatic Hold on Silicon SOM Flux at 1200 °C Before 
Pre-Electrolysis 
Finding the x-intercept in the EIS diagram, which corresponds to the ohmic 
resistance, the total resistance of the salt was 0.590 ohms. Using the average value of 
current after 20 seconds, the electronic resistance of the molten salt was calculated to be 
19.0 ohms by solving for resistance using Ohm’s law. By comparing the total resistance 
and the electronic resistance of the salt, the electronic transference number can be found. 
Previous studies have indicated that an inverse relationship exists between SOM current 
efficiency and electronic transference number [20], [31]. Thus, for the SOM process, a 
very low electronic transference number is desired so that the majority of applied current 
electrolyzes desired products. By treating the total resistance as a parallel circuit of the 
ionic and electronic resistances, the ionic resistance can be found by solving Equation 4-
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1 for 𝑅h(v): 1𝑅}(v) = 1𝑅q(v) + 1𝑅h(v) 	 (4 − 1) 
where 𝑅}(v) is the total ohmic resistance of the salt, 𝑅q(v) is the ohmic 
electronic resistance of the cell, and 𝑅h(v) is the ohmic ionic resistance. For the system 
prior to pre-electrolysis, the ionic resistance was calculated to be 0.609 ohms. 
The definition of an electronic transference number (𝑡q(v)) for a system is the 
ratio of electronic conductivity (𝜎q(v)) to the total conductivity (𝜎(wxw)). This can be 
expressed as Equation 4-2: 𝑡q(v) = 𝜎q(v)𝜎(wxw) 	 (4 − 2) 
Since conductivity can be expressed as the inverse of resistance, Equation 4-2 
can be rewritten as Equation 4-3: 
𝑡q(v) = 1𝑅q(v)1𝑅q(v) + 1𝑅h(v) = 𝑅h(v)𝑅q(v) + 𝑅h(v) (4 − 3) 
Prior to the pre-electrolysis, the electronic transference number was found to be 
0.031, meaning the flux was primarily ionic.  
An additional EIS measurement was made across the anode and cathode to find 
the resistance of the SOM system using a Princeton Applied Research 263A potentiostat 
and a Solartron 1250 frequency response analyzer. This measurement can be seen in 
Figure 34. 
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Figure 34: EIS Measurement Across Cathode and Anode Before Pre-Electrolysis 
Finding the x-intercept in the EIS diagram, the total resistance across the cell was 
0.714 ohms. This value falls in line with previously found values for cell resistance when 
running other SOM processes [28], [23]. A potentiodynamic scan was performed across 
the anode and cathode to determine the disassociation potential of silicon oxide and other 
impurity oxides within the system. The scan was performed by a Princeton Applied 
Research 263A potentiostat at a rate of 5 millivolts per second. This scan can be seen in 
Figure 35. 
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Figure 35: Potentiodynamic Scan Before Pre-Electrolysis 
This potentiodynamic sweep has an inflection point at 1.11 volts. Based on the 
presence of various combination of metals within the system, tungsten (IV) oxide 
(𝐸h],äm[ = 0.85) appears to be the possible sources of the impurities in the system that 
have the closest corresponding disassociation potential. The plateau that occurs at 1 amp 
is a limitation of the potentiostat and attempts to use the power booster attached to the 
unit were unsuccessful. Prior to reaching the expected disassociation potential of silicon 
oxide, 1.68 volts, the system had at least at least 1 amp of leakage current, implying a 
large quantity of impurities existed in the system. So, a pre-electrolysis potentiostatic 
hold was applied at 1.25 volts for 2 hours. After the pre-electrolysis, EIS spectrums were 
measured across both the salt and the cell along with a 10 millivolt, 50 second 
potentiostatic hold across the salt. The EIS measurement and potentiostatic hold applied 
to the salt can be seen in Figure 36. The EIS measurement across the anode and cathode 
can be seen in Figure 37. 
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Figure 36: EIS Measurement and Potentiostatic Hold on Silicon SOM Flux at 1200 °C After Pre-
Electrolysis 
 
 
Figure 37: EIS Measurement Across Cathode and Anode After Pre-Electrolysis 
Analyzing the new plots, the total resistance of the salt was 0.569 ohms while the 
electronic resistance was 6.39 ohms. The ionic resistance was calculated to be 0.625 
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ohms based on Equation 4-1. Further calculation found that the electronic transference 
number was 0.090, making the flux primarily ionic. The total resistance of the SOM cell 
was 0.360 ohms. While the total resistance of the salt didn’t decrease, the total resistance 
of the cell did. This implies that the molten salt did not experiencing a change during the 
pre-electrolysis. However, the SOM cell had its resistance decrease by about 50%. The 
could be explained by the LSM bar in the SOM inert anode current collector “activating” 
as oxygen ions start to migrate into the silver anode. In past experiments, a 100 parts per 
million (ppm) oxygen gas – argon gas mixture was used to lower the resistance of the 
LSM bar. The change in resistance occurs because the LSM is p-type conductor which is 
sensitive to the amount of partial pressure of oxygen gas in its local environment. 
Initially, it started with a low oxygen gas partial pressure in the SOM anode assembly; 
however, the pre-electrolysis was most likely able to force oxygen ions to migrate into 
the silver anode. This increased the local oxygen partial pressure, decreasing the LSM’s 
resistance. Attempts were made to acquire another PDS scan, but all of the scans showed 
very erratic behavior that did not correspond to how the cell was functioning otherwise. 
This trend continued throughout the experiment so PDS scans are left out in this analysis. 
One possible explanation for this was a small leak in the join that held together the YSZ 
tube to an aluminum oxide extender tube. By not properly sealing the gases, unwanted 
side reactions were occurring that constantly disturbed the system. Additionally, no 
current efficiency could be calculated by measuring the amount of oxygen gas that left 
the YSZ tube. 
After the measurements were made, an electrolysis potential hold was applied 
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between the cathode and anode at 2 volts for 6 hours using an Agilent Technologies 
N5743A DC power supply. The electrolysis can be seen in Figure 38. 
 
Figure 38: Current Applied During Electrolysis #1 
The erratic nature of the electrolysis is not fully understood, but the use of a 
mixing tube around the cathodic current collector might have affected how the cathode 
makes contact with its current collector especially at higher flow rates. However, a 
downward trend in current was noticed, and the electrolysis was stopped when the current 
reached a value around 0.3 amps. 
After the first electrolysis was stopped, EIS and potentiostatic measurements were 
made. These can be seen in Figure 39 and Figure 40. Analyzing the new plots, the total 
resistance of the salt was 0.157 ohms, the electronic resistance was 4.29 ohms, and the 
ionic resistance was calculated to be 0.163 ohms. Further calculation found the electronic 
transference numbers to be 0.037. The various resistances and electronic transference 
numbers before the pre-electrolysis, after the pre-electrolysis, and after electrolysis #1 
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can be seen in Table 20: Measured Resistances and Flux Electronic Transference Numbers 
The low electronic transference numbers throughout the cell pre-electrolysis and 
electrolysis process indicates that the flux remained primarily ionic and didn’t change due 
to the dissolution of silicon metal into the flux. The total resistance of the SOM cell was 
0.983 ohms. The increased cell resistance shows that polarization effects began to reduce 
the efficiency of the cell.  
 
Figure 39: EIS Measurement and Potentiostatic Hold on Silicon SOM Flux at 1200 °C After 
Electrolysis 1 
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Figure 40: EIS Measurement Across Cathode and Anode After Pre-Electrolysis 
 
Measurement RT(flux) (Ω) Re(flux) (Ω) Ri(flux) (Ω) Te(flux) 
Initial 0.590 19.0 0.609 0.031 
Before Electrolysis 0.569 6.39 0.625 0.090 
After Electrolysis 0.157 4.29 0.163 0.037 
Table 20: Measured Resistances and Flux Electronic Transference Numbers 
After the first electrolysis was stopped, the cell was allowed to relax for two hours 
and the flow rate of gas through the cathode current collector sleeve was decreased to 10 
milliliters per minute. Then, a second electrolysis was performed at 2 volts for 11 hours. 
The second electrolysis can be seen in Figure 41. 
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Figure 41: Current Applied During Electrolysis #2 
Combining the applied current from the two electrolysis holds, 41587.19 
coulombs were passed over the course of 17 hours. Assuming a 100% efficiency, this 
corresponds to a production of approximately 2.59 grams of silicon. However, due to the 
large leakage current seen in the pre-electrolysis PDS, it can be assumed that some of the 
impurity oxides were reduced instead of the silicon oxide. So, after cathode etching, only 
a small amount of silicon was expected to be found. 
4.7.3. Post-Experiment Characterization 
After the furnace cooled down, the tin cathode was extracted from carbon crucible 
and boron nitride dish. During the cooling process, the YSZ membrane fractured and 
some silver leaked out into the flux and tin cathode. Sections of the tin cathode were cut 
off and dissolved in concentrated hydrochloric acid. After neutralizing the acid, the 
remaining solids were dried and mounted onto carbon tape. The samples were examined 
using a Zeiss Supra 55 scanning electron microscope and an EDAX EDS system. The 
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remaining solids were found to be silver, silicon, and pieces of silicon SOM flux. An 
image of the remaining residue and labeled samples can be seen in Figure 42. 
 
Figure 42: Cathode Residue After HCl Etching 
The silicon crystals were then examined to determine size and purity. Two 
examples of silicon crystals that were found and analyzed can be seen in Figure 43 and 
their compositional analysis can be seen in Table 21.  
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Figure 43: Silicon Crystals Analyzed from Remaining Cathode Solids (Left – Silicon Crystal #1, 
Right – Silicon Crystal #2) 
 
Element Silicon Crystal #1 Atomic Percentages 
Silicon Crystal #2 Atomic 
Percentages 
Oxygen 0.10 0 
Magnesium 0.07 0.09 
Silicon 99.33 99.45 
Chlorine 0.15 0.18 
Silver 0.35 0.27 
Table 21: Compositional Analysis of Silicon Crystals 
On average, most silicon crystals found in the cathode were about 100 to 200 
micrometers in length and about 75 to 100 micrometers in width. However, due to the 
acid etching process and silver leak, silicon was never found in isolation. For these two 
samples, the traces of oxygen and magnesium can be attributed to small quantities of flux 
that could not be dissolved by conventional means. Analyzing the flux pieces in the 
sample, their compositions were mixes of oxygen, fluorine, magnesium, and calcium that 
could vary greatly. The other quantities of silver and chlorine are believed to come from 
the presence of silver chloride that remained after the etching process was complete. 
Despite this, though, the silicon found tended to have a purity of at least 99+%. 
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The flux surrounding the cathode was analyzed to see the interfacial composition 
and the bulk composition of the salt. These salt compositions can be seen in Table 22. 
Element 
Interface Flux 
Atomic 
Percentages 
Cathode Bulk Flux 
Atomic Percentages 
Flux Theoretical 
Atomic Percentages 
Oxygen 9.71 12.54 9.43 
Fluoride 55.90 51.62 55.53 
Magnesium 16.19 17.38 13.58 
Silicon 1.10 1.99 1.93 
Yttrium 1.00 0.84 0.48 
Calcium 16.10 15.61 19.05 
Table 22: Compositions of Flux Near the Cathode 
At the interface, compositional analysis indicates that all cations atomic 
percentages are higher than the theoretical composition except for silicon’s value. This 
indicates that the cations migrated to the cathode, but only silicon was consumed during 
the electrolysis process. Moving away from the cathode/flux interface, the cathode’s bulk 
cation percentages are higher than the theoretical quantities, including silicon’s 
percentage. This indicates that a gradient of silicon must occur between the cathode 
interface and the bulk. 
The anode was also examined to see the local flux composition and condition of 
the YSZ anode after more than 14 hours of electrolysis. An image of the interface can be 
seen in Figure 44. 
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Figure 44: Interface of YSZ Membrane and Flux 
The YSZ/flux interface shows no signs of corrosion or a YDL, indicating that the 
flux did not corrode the interface or percolate into the membrane. However, broken off 
grains of the membrane can be seen near the interface. An EDS analysis was conducted 
to verify this by looking at the compositions of the bulk YSZ, interface YSZ, interface 
flux, and bulk flux. These values can be seen in Table 23 and Table 24. 
Element Interface YSZ Atomic Percentages 
Bulk YSZ Atomic 
Percentages 
YSZ Theoretical 
Atomic 
Percentages 
Oxygen 58.33 58.69 66.10 
Yttrium 6.65 6.85 3.20 
Zirconium 35.02 34.45 30.70 
Table 23: Composition of YSZ Membrane at the Anode Interface and Bulk 
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Element Interface Flux Atomic Percentages 
Anode Bulk Flux 
Atomic Percentages 
Flux Theoretical 
Atomic 
Percentages 
Oxygen 15.29 18.92 9.43 
Fluoride 49.23 43.79 55.53 
Magnesium 14.50 17.23 13.58 
Silicon 1.75 3.33 1.93 
Yttrium 1.65 0.79 0.48 
Zirconium 2.51 N/A N/A 
Calcium 15.07 15.95 19.05 
Table 24: Composition of Flux at the Anode Interface and Bulk 
Looking at the ratio of yttrium to zirconium in the YSZ membrane, the theoretical 
ratio is 1 to 9.6. In contrast, the ratio at the YSZ/flux interface is 1 to 5.27 and the ratio in 
the bulk is 5.03. This indicates that higher quantities of yttrium are found in the bulk and 
interface. This implies that excess yttrium from the flux have diffused into the YSZ 
structure. Similar phenomena were observed in previous research when the activity of the 
yttrium in the flux exceeded the activity of yttrium in the YSZ membrane [25], [31]. No 
signs of fluoride or other flux cations were detected, indicting a stable flux composition 
for use with the YSZ membrane. 
The flux composition at the interface has values that are roughly similar to the 
theoretical values. Most importantly, the ratio of calcium to magnesium at the interface 
corresponds to the theoretical ratio of calcium to magnesium expected. However, the 
presence of zirconium is unexpected, but it can be attributed to small broken off pieces of 
the YSZ floating within the flux, like the ones in Figure 44. Analyzing the bulk flux, the 
zirconium disappears, but the silicon quantity increases. This can be attributed to the 
higher than expected amount of magnesium detected. Previous EDS scans indicate that 
the silicon is typically found in magnesium rich phases in the flux. So, when a large 
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quantity of magnesium is found, a corresponding increase in silicon should also be 
expected. All other values of the bulk composition are within tolerable values. 
4.8. Solid Molybdenum Cathode Silicon SOM Process Setup 
4.8.1. Experimental Setup 
 
A silicon SOM electrolysis process using a solid cathode was done using the 
setup seen in Figure 45: Setup for Molybdenum Tube Cathode Silicon SOM Process. 
 
Figure 45: Setup for Molybdenum Tube Cathode Silicon SOM Process 
 
In this setup, a molybdenum tube (5/16-inch outer diameter, wall thickness 0.030 
inch) was used as a solid cathode and flux stirring tube. The tube was placed inside an 8 
mol% YSZ one-end-closed tube (0.75-inch outer diameter, 0.562 inch inner diameter). 
The YSZ tube contained ~40 grams of silicon SOM flux prepared according the 
specifications laid out in Section 4.5 for small flux quantities. An aluminum oxide 
crucible was filled with about 600 grams of silver. The crucible was placed inside a 
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mullite tube and supported by a stainless steel post and an aluminum oxide spacer. An 
inert anode current collector was made from 5/16-inch outer diameter, 7/32 inch inner 
diameter aluminum oxide tube with an LSM bar and aluminum oxide paste sealing one 
end. The current collector assembly was filled with ~150 milligrams of LSM powder, ~3 
grams of silver, and a 1/8-inch diameter tungsten rod. Both the inert anode current 
collector and the YSZ membrane were suspended above the silver inside the aluminum 
oxide crucible. When at operating temperature, the inert anode current collector and YSZ 
membrane were lowered into the silver pool inside the aluminum oxide crucible. Forming 
gas (95% argon, 5% hydrogen) was purged in at a rate of 40 milliliters per minute into 
the mullite tube and 20 milliliters per minute into the molybdenum tube. The inert anode 
current collector was purged with argon gas at a rate of 5 milliliters per minute.  
The SOM cell was heated to 1200 °C and left two equilibrate for two hours. 
When the electrodes were inserted in the silver pool, EIS measurements were made and a 
potentiostatic hold was applied across the anode and cathode. When the electrolysis was 
complete, the inert anode and YSZ membrane were removed from the liquid silver pool. 
4.8.2. Electrochemical Characterization of the Cell 
Prior to an electrolysis run, the conditions of the salt and the SOM cell were 
analyzed. An EIS was measured across the anode and cathode to determine the overall 
resistance of the cell. Shortly after, a potentiostatic hold of -10 millivolts was applied to 
the system for 300 seconds to find the electronic conductivity of the cell. These 
measurements were made with a Princeton Applied Research 263A potentiostat and a 
Solartron 1250 frequency response analyzer. Figure 46 shows the results of both the EIS 
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measurement and the potentiostatic hold before a pre-electrolysis hold was applied. 
 
Figure 46: EIS Measurement and Potentiostaic Hold Across Anode and Cathode at 1200 °C 
Before Pre-Electrolysis 
Extrapolating the x-intercept in the EIS diagram, the total resistance across the 
cell was about 80 ohms. This value is extremely high compared to other processes [28], 
[23]. A possible reason for this is the small cross-sectional area of the molybdenum tube 
creating a high resistance in the system. Previously, rods were used to act as current 
collectors or plating electrode [28], [23]. In choosing to use the molybdenum tube as an 
electrode, the cross-sectional area decreases by a factor of about 3. This increases the 
resistance of system by a factor of 3. In addition to this, the formation of molybdenum 
disilicide increases the resistivity of the electrode by two orders of magnitude. An 
approximation of the resistance of the molybdenum tube was 5 milliohms. This is 
significantly higher than the resistance of the tungsten current collector used in the liquid 
tin version of the SOM process (0.3 milliohms) and likely is the reason for the increase in 
resistance for this cell. In addition to this, the electronic current is also very small (~ 
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0.00025 A), indicating a high electronic resistance between the electrodes, approximately 
40 ohms. 
A potentiodynamic scan was performed across the anode and cathode to 
determine the disassociation potential of silicon oxide and other impurity oxides within 
the system. The scan was performed using a Princeton Applied Research 263A 
potentiostat at a rate of 5 millivolts per second. This scan can be seen in Figure 47. 
 
Figure 47: Potentiodynamic Scan Before Pre-Electrolysis 
This potentiodynamic sweep has an inflection point at 1.37 volts. Silicon oxide 
(𝐸h],ghm[ = 1.68) appears to be the possible source of the inflection point; however, the 
presence of other impurities can affect this measurement. So, a pre-electrolysis 
potentiostatic hold was applied at 1.25 volts for 2 hours. After the pre-electrolysis, EIS, 
potentiostatic, and potentiodynamic measurements were made again. They can be seen in 
Figure 48 and Figure 49. 
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Figure 48: EIS Measurement and Potentiostatic Hold Across Anode and Cathode at 1200 °C 
After Pre-Electrolysis 
 
Figure 49: Potentiodynamic Scan Before Pre-Electrolysis 
This EIS measurement shows that the resistance of the cell has lowered down to 
about 28.8 ohms, a decrease by a factor of 2.75. This indicates that some components 
have overcome an activation energy, similar to the LSM bar in the liquid tin SOM run. 
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Additionally, the potentiostatic hold and potentiodynamic sweep have negative current. 
This means that the system has pumped oxygen ions through the YSZ membrane while a 
strong potential was applied. Now, with a weak potential, the oxygen ions are attempting 
to migrate backwards. The potentiodynamic sweep also gives a more accurate inflection 
point in this measurement, meaning the disassociation potential for silicon is about 1.46 
volts. 
After the measurements were made, an electrolysis potential hold was applied 
between the cathode and anode at 2 volts for 6 hours using an Agilent Technologies 
N5743A DC power supply. The electrolysis can be seen in Figure 50. 
 
Figure 50: Current Applied During Electrolysis #1 
The electrolysis hold was held for 10 hours until the current approached a 0.005 
amp limit. A downward trend was noted, most likely due to the system getting polarized. 
After the first electrolysis was stopped, EIS, potentiostatic, and potentiodynamic 
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measurements were made. These can be seen in Figure 51 and Figure 52. 
 
Figure 51: EIS Measurement and Potentiostatic Hold Across Anode and Cathode at 1200 °C 
After Electrolysis 1 
 
Figure 52: Potentiodynamic Scan After Electrolysis #1 
The cell shows that after the electrolysis hold the resistance was lower (14.39 Ω), 
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indicative of the system further overcoming internal activation barriers. The 
potentiostatic hold and potentiodynamic sweeps also show higher reverse currents, 
meaning that more oxygen ions had been pumped through the YSZ membrane. 
Furthermore, the silicon oxide disassociation potential was found to be 1.53 volts in the 
potentiodynamic sweep. A second electrolysis was performed at 2 volts for 11 hours. The 
second electrolysis can be seen in Figure 53. After the second electrolysis hold, the 
system relaxed for two hours. Finally, a third electrolysis was applied for 10 hours at 2 
volts. The third electrolysis can be seen in Figure 54.  
 
Figure 53: Current Applied During Electrolysis #2 
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Figure 54: Current Applied During Electrolysis #3 
The increase of current in the third electrolysis hold indicates that the cell started 
to short itself. This could be caused by the formation of a silicon metal layer floating on 
or near the surface of the flux. This creates an electronically conducting path to the 
zirconia membrane. Once the electronically conducting path is created, the voltage drop 
across the flux no longer exists and can be directly applied to reduce the zirconia in the 
membrane walls. Further reactions might occur if the silicon comes into contact with 
zirconia, reducing the amount of silicon seen in the product. 
Combining the applied current from the three electrolysis holds, 6666.37 
coulombs were passed over the course of 25 hours, excluding the portion in electrolysis 
#3 that appears to be a short circuit. Assuming a 100% efficiency, this corresponds to a 
production of approximately 0.41 grams of silicon. Due to the short circuit in electrolysis 
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#3, though, it can be assumed that zirconia was reduced in addition to silicon oxide. So, 
only small quantities of silicon were expected. 
4.8.3. Post-Experiment Characterization 
After the furnace cooled down, the molybdenum cathode was extracted from the 
YSZ membrane. A ring of material was found around where the YSZ cooled down. 
Samples were cut from the molybdenum tube, the flux in the YSZ membrane, and the 
ring of material surrounding the flux. The samples were mounted in epoxy, polished, and 
examined using a Zeiss Supra 55 scanning electron microscope and a EDAX EDS 
system. 
The first sample examined was the bulk flux in the middle of the YSZ membrane. 
An image of the interface can be seen in Figure 55. 
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Figure 55: YSZ Membrane and Flux Interface 
The YSZ membrane shows no signs of corrosion or YDL, although, small pieces 
of YSZ have been broken off at the interface. EDS analysis of the bulk YSZ, interface 
YSZ, interface flux, and bulk flux are in Table 25: Compositional Values of YSZ and 
Table 26 compared to theoretical YSZ percentages and as-cast flux composition 
percentages taken from the salt before it was used in the SOM process. 
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Element Interface YSZ Atomic Percentages 
Bulk YSZ Atomic 
Percentages 
YSZ Theoretical 
Atomic 
Percentages 
Oxygen 60.79 60.67 66.10 
Yttrium 6.37 6.05 3.20 
Zirconium 32.84 33.28 30.70 
Table 25: Compositional Values of YSZ at the Interface and Bulk 
Element Interface Flux Atomic Percentages 
Anode Bulk Flux 
Atomic Percentages 
As-Cast Flux 
Atomic 
Percentages 
Oxygen 19.43 13.75 11.70 
Fluoride 43.87 51.28 48.86 
Magnesium 16.48 17.76 17.63 
Silicon 3.60 2.27 2.76 
Yttrium 0.61 0.49 1.01 
Calcium 16.55 14.46 18.05 
Table 26: Compositional Analysis of Flux at the Interface and Bulk 
The amount of yttrium present in the YSZ is larger than expected. This 
corresponds with the decrease of yttrium seen in the flux. Additionally, the bulk value of 
silicon in the flux is smaller than the value seen in the as-cast flux, although the value at 
the interface is higher. This might be caused by the consumption of silicon near the 
cathode, which would give the silicon in the bulk a lower value. 
An image of the material around the cathode can be seen in Figure 56: Image of 
Zirconia and Zirconium Radially Moving to the Cathode. An EDS map showing the presence 
of zirconium and zirconia throughout the system can be seen in Figure 57: EDS Map 
Showing Zirconium Throughout the System. EDS spectra indicate that closer to the YSZ 
membrane the pieces tend to be more zirconia and closer to the cathode they become 
zirconium. After cooling, the layer was tested with a multimeter and found to be 
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conductive indicating that the short circuit seen in Figure 54: Current Applied During 
Electrolysis #3 was most likely caused by an electronically conductive path created by the 
zirconium and zirconia. Furthermore, the lack of silicon crystals in the system can be 
attributed to the silicon reacting with the free moving zirconia, creating silicon oxide and 
zirconium metal. 
 
Figure 56: Image of Zirconia and Zirconium Radially Moving to the Cathode 
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Figure 57: EDS Map Showing Zirconium Throughout the System 
The corrosion of zirconia from the YSZ membrane is seen at the 
flux/air/membrane interface. The corrosion seen in Figure 58 shows that only 2.098 
millimeters of membrane still exists after the SOM run, compared to the 4.76 millimeters 
seen in the rest of the YSZ membrane. 
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Figure 58: Corrosion at YSZ/Air/Flux Interface 
At the molybdenum cathode, silicon is found at the interface with the flux as an 
intermetallic, molybdenum silicide. This is seen in the linescan of Figure 59 where the 
peak values indicate the formation of Mo5Si3, which corresponds to 40 atomic percent of 
silicon in 5 to 10 micrometer thickness layer. So, although silicon was made, as indicated 
by the PDS measurements and the presence of molybdenum silicide on the exterior of the 
cathode, the remainder reacted with the zirconia in the system to become silicon oxide 
and zirconium metal. 
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Figure 59: EDS Linescan of Molybdenum Tube Edge 
 
4.9. Equivalent Circuit Modelling of the SOM Process 
Given the kinetic model developed in Section 3.2, the potentiodynamic sweep in 
Figure 52 can be applied to Equation 3-28 to find the exchange current and the oxygen 
partial pressure for bubble formation. Given the small amount of potential being applied 
past the disassociation potential (1.53 V to 2.0 V), it can be assumed that the cathodic 
polarization term is negligible, seen in Equation 4-2:  𝐸lvhq = Ç𝐸Èqy]wghm[ Ç + 𝑖 ∗ 𝑅kqvv+ 𝑅 ∗ 𝑇0.5 ∗ 𝑛 ∗ 𝐹 ∗ ln Ü 𝑖2𝑖 + Û 𝑖2𝑖" + 1Ý+𝑅 ∗ 𝑇𝑛 ∗ 𝐹 ln f𝑃m[(uX)á1	𝑎𝑡𝑚 n	 (4 − 2)
 
Using the resistance after electrolysis #1 (14.39 Ω), the silicon disassociation 
potential (1.53 V), the number of moles (4 moles), the temperature (1473 K), Faraday’s 
constant (96485 C * mol-1), and the a baseline to derive net current from (0.0232 A), a fit 
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curve can be applied to the PDS scan to find the exchange current and the oxygen partial 
pressure for bubble formation. This can be seen in Figure 60 60. 
 
Figure 60: Best-Fit Curve on the PDS 
Based on the curve, the fit parameters are 𝑖 = 1.3	𝑥	10J<𝐴 and 𝑃m[(uX)á =0.83	𝑎𝑡𝑚. The latter value is odd as the oxygen seems to start bubbling before reaching 
an atmosphere of pressure. However, given the massive quantity of silver in the system 
and the total solubility of oxygen within, the bubbles may never have formed in the first 
place. The lower partial pressure for bubble formation may have been impacted by the 
presence of hydrogen in the forming gas, which was meant to protect the steel elements 
in the system. 
Although the cathodic polarization is not included in the best fit curve, deviation 
from the best fit line occurs throughout the graph. This starts occurring moreso near the 
end of the plot. This can be assumed to be the overpotential required by the cathodic 
concentration polarization. So, while the concentration polarization may not be large 
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when a small overpotential is applied, the effect becomes more pronounced as the 
overpotential becomes higher. It is also important to note that the less than 1 atm partial 
pressure of oxygen to outgas from the anode gives a slight drop in the overpotential 
required to drive the system. A graph of these overpotentials as a function of current can 
be seen in Figure 61. 
 
Figure 61: Polarization Terms as a Function of Net Current Found by Curve Fitting 
So, to improve the silicon SOM cell, the ohmic polarization, activation 
polarization, and cathodic concentration polarizations must be reduced. To reduce the 
cathodic concentration polarization, more thorough methods of stirring the silicon SOM 
flux must be established. To reduce the activation polarization, electrodes with higher 
electro-catalytic activity must be found to reduce the activation energy for the reaction. 
To decrease the ohmic resistance, a new geometric and materials configuration of 
electrodes, electrolyte, and current collectors must be created. For instance, plating on a 
solid tube may not be an optimal operation if a non-volatile, floating, liquid metal can be 
used as a cathode, such as aluminum. To decrease the cathodic concentration polarization 
at higher overpotentials, stronger mixing, perhaps mechanical, is required in the cell. 
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5. CONCLUSIONS AND FUTURE WORK 
 
5.1. Conclusions 
 
This work showed that silicon can be produced via electrolysis using a engineered 
flux with dissolved silicon oxide and an oxygen ion conducting membrane, known as the 
SOM electrolysis process. First, a new flux composition was based on a mixture of 
silicon oxide, calcium oxide, yttrium fluoride, calcium fluoride, and magnesium fluoride. 
Solubility tests found that an 8 weight percent calcium oxide, 4 weight percent yttrium 
fluoride, remainder eutectic salt could dissolve up to 25 atomic percent silicon oxide. 
Choosing 5 weight percent silicon oxide to resemble the flux used in a Hall-Heroult cell, 
a 9 weight percent calcium oxide, 5 weight percent silicon oxide, 4 weight percent 
yttrium fluoride, remainder eutectic calcium fluoride – magnesium fluoride salt (called 
the silicon SOM flux) was found to have a volatility of 0.166 micrograms per centimeter 
squared seconds. Additionally, this silicon SOM flux’s melting point was examined in a 
TGA experiment to have a melting point of 977.2 °C. By increasing the amount of 
calcium oxide in the flux from 8 weight percent to 9 weight percent, it was found that the 
flux can be stable with the YSZ membrane for periods of time over 24 hours.  
Experiments indicate that this stability was achieved by balancing the optical basicity and 
chemical potential of yttrium between the flux and the YSZ membrane. By adding 
additional basic calcium oxide, the acidic silicon oxide chains within the SOM flux were 
broken up into smaller dimers and monomers. These dimers and monomers were not able 
to react with the yttria in the YSZ membrane, creating a stable environment. By removing 
this lux-flood acid-base pair, excess yttrium in the flux was no longer required, as seen in 
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previous flux designs. The conductivity of the silicon SOM flux with this composition 
was experimentally found to be 2.87 and 4.38 S/cm, at 1050 °C and 1100 °C, 
respectively. 
Two laboratory scale experiments were carried out using this salt to produce 
silicon metal. One version used a liquid tin cathode, the other a solid molybdenum 
electrode. The liquid tin cathode experiment produced 99+ atomic percent silicon 
crystals, although the inability to extract the surrounding flux and silver made 
determining the extract amount of silicon produced impossible. The solid molybdenum 
cathode was able to produce silicon, despite a very high resistance in the system. 
However, the cell short circuited due to the silicon floating on top of the flux, creating an 
electronically conducting path to the YSZ membrane, and reacting the silicon with 
zirconia to make zirconium metal. The interface of the molybdenum tube, though, shows 
the presence of a 5 to 10 micrometer thick layer of Mo5Si3, indicating that some silicon 
remained in the system. 
An equivalent DC circuit was built for the solid cathode system to analyze the 
various polarization losses, while quantifying the exchange current and the partial 
pressure for oxygen bubble formation. Analysis indicates that the SOM cell will perform 
more efficiently when ohmic, charge transfer, and cathodic concentration polarization 
resistances are decreased. To reduce the ohmic resistance, a floating liquid metal cathode 
setup is suggested, like liquid aluminum. To decrease the cathodic concentration 
polarization resistance, mechanical mixing was suggested. 
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5.2. Future Work 
 
Future work should look to find a configuration of electrodes that allows for high 
efficiency electrolysis. The use of aluminum as a liquid metal cathode provides the 
benefits of acting as a floating gettering agent. This allows the silicon to come out a more 
pure form. It also means that the silicon can be extracted without having to dig through 
the flux or a surrounding crucible, making metal extraction easier.  Combining this with 
an isolating ceramic sheath around the liquid metal cathode, like hexagonal boron nitride, 
will prevent the cathode from making contact with the YSZ membrane and shorting the 
system. Furthermore, the use of mechanical mixing is vital if high overpotentials are 
going to be used, since the cathodic concentration polarization will increase the system’s 
resistance and possibly electrolyze another material besides silicon. Once, the cell design 
is sorted out, experiments must be done to scale up the process and see if other 
electrochemical effects affect the commercial viability of the system. 
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